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METHOD ANRyHRBEAMASUS FOR MEASURI NG PRESSURE | N A CORI OLI S MpSpusbiddbieTER
Field of the I'nvention The present invention relates to pressure

nmeasurement in aMBEHRD AN ARATHS EOR MEASURINGIPRESSURE and in
particular to a nmethod andNapFORIOIISIMASSEFLOWMERERri al pressure -

I nformation in response to the operation of the Coriolis effect mass
flowmreter and for deriving precision mass flow information in response 5
to the operation of the flowretEieldmfdbednventipR known to use Coriolis
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Each flow tube configuration in a Coriolis mass f| owyeter has a set of
natural vefestmass feweetenand fordgyiving Riecigion; maseilow inforypationinsiespanser

heoe Rat i die fRRRIonH Y e oL 7T 7o) o Fowmet or froma connect ed

conduit on the inlet side of the flopgspRim 1S directed through the flow
tube or tubes, and exits the flowreter through the outlet side. The natural
vi brat i on nodedt isknowa toiuse &idriolis effechmass flowinstersys measeremassifioadand part
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side of the flow tube lags the driver, while the phase on the outlet side
| eads t heflawmaters havesens oamereflawdubes of ssaighbor eunved configutation. Fach
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measur enent is'that the density of typi g:al process materials vary. Changes
i n densi t {ubeaissdriven to pggiliaiecatoesonante imaneciithe® naitieal modesr WMatsriate t he

fl owmsl;jer ﬁov% iir¥t8 the %\?/?r%etgryf%r% 7 c%egnrétc?éif c':sontJt]J?t c>fnI t%virgllejp side of the flowmeter,
is directed through the flow tube or tubes, and exits the flowmeter through the outlet
side. The natural vibration modes of the vibrating material filled system are defined
in part by the combined mass of the flow tubes and the material flowing within the
| flow tubes. _
20 When there is no flow through the flowmeter, all points along the flow tube

oscillate with identical ph:ase due to an applied driver force. As material begins to
- flow, Coriolis accelerations cause each point along the flow tube to have a different
phase. 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 on the flow tube to produce
25 sinusoidal signals representative of the motion of the flow tube. The phase
difference between two sensor signals is proportionat to the mass flow rate of

material through the flow tube.
A complicating factor in this measurement is that the density of typical
process materials vary. Changés in density cause the frequencies of the natural

30 modes to vary. Since the flowmeter's drive control system maintains the flow tubes
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vi brat i ng,d daseonance, the oscillation frequency varies i’&rhj%?ﬁg’ﬁzﬁe to
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changes I n density. Mass flowrate in this situation is propor to the
rati o ofvibrading iairesenancse ththaseiatian equenayraiigsro yespunseatsothangestinoned
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frequenc&iﬁ%&ﬁ%&fg%iﬁ%dﬁﬁ%ﬁéﬁw rate. Phase difference is determ ned by

measuring t el'ay between I'evel crossings of the two sinusoidal

si gnal s of t hEhé laboavetmentiohhexh LL.8i Pateithidd. Re. 346460 td Srvith ididdieses &n t he
oscillation frequency cancel, and mass flow rate isgproportional to the
meas® edCauiclis flewmeter thatrayaidsdhe needder measubeg pethehase diffesenceaadr ed to
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bet ween two out put “signals of the sensors of the flowrete
measur ergimisoidal sigrizds offiie fiownheter. chendhismethogiisosed, tthe vadhtions ia the
requirenent that the derived flow rat gpi nforpati on have an accuracy of at
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forces genera e neter rough e nmaterl
pr ocessimgmeaserement. Wwhi ch recei ves these 20 sensor output signals
measures this phase difference with precision and generates the desired

char act er i st ilo¥orerationeregasding ghg rabesacteristics: ohmaterialHlowingunra Canioisr acy of
at least_0.15% of .readi ng. S - Patent. Number. 5, 473 949 of cenper 12,

Toas- o TSRk eter 8 qulchly etvel Ry RaigE o HiTRh eeasires dh PRRBE densi t y
in a Cordrinhé d@%%@b&ﬁ/eeh"wmit?m sigh8isctdRe RBhSOYs JfERE hsmét%r.e;fpé&é? lon of

a vibrating conddit in two different nodes. Fluid 1's caused to ow in the
condif t rmeasuremmnts nest beamadeawdth gifeat laecuracy eintesit if oftém atequireatent

! Ki ynt' of the f ter. Th ' dd |t f _the material
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si gnal processing ues | nprove e acc racy'gg processing the
si gnal s By amdnhsuritatdteiminetl byt Coriciznfonces géiitatet by ittse! Asetanthrepgiar at us
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20 sensor output signals measures this phase difference with precision and generates
the desired characteristics of the flowing process material to the required accuracy

of at least 0.15% of reading. _
U.S. Patent Number 5,473,049 of December 12, 1985 to Cage et al.,,
describes a method of determining pressure and density in a Coriolis mass
25 flowmeter. The Cage patent teaches the excitation of a vibrating conduit in two
different modes. Fluid is caused to ﬂow'in the conduit and measurements are
made of the two modes of vibration at a “working point” of the flowmeter. The
pressure and density of the material flowing in the flowmeter is then determined
through the simultaneous solution of two equations as provided by the Cage patent.
30 Digital signal processing (DSP) techniques improve the accuracy of
processing the signals from the Coriolis flowmeter sensors. DSP techniques and

apparatus measure the phase difference between the sensor signals without

2.



3 . )
WD 98/ 07009 _ ' PCT/ US97/ 13972
I nt roduci mgopsrames shifts between'the two signals through thecessuaenent
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f+equency and nmass fl ow neasurenents, it is common to stiffen the waITs of
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material pressure and to use the neasured pressure values in the correction

of the ne@hANges\Of JEsonRARLieQUANIYsaNG Mmassolimwy sneasurements, tit isncarhman to

| ndepende Lexity (and _assqgi at.ed cos o the

f1 ow mas%}m%ﬁfégjggg@?ﬁé ﬂ?’ggﬁ{?%ggﬁﬁw V%'?' é’%“é’ﬁ?s'f‘ﬂaéﬁtsitt_@ﬁ%%loﬁée {ﬂﬁé’ above
and ot hertubegbloeGBcreaker thbyesbta i prassiive Bs&igls AdySinchdader el gioHEet hods
and apparatus for neasuring the 25 pressure wthin“a Coriolis nass

f | ownet erflawmieten anbe alsoddecteases the isedsitivityl coft ther ewmetenet Becrekspidessur e
measuyenment derived fromthe gperation of a Coriolis effect mass flowreter
e Dol repnsiity e TS eMBels DRy dral i AR rane b anelicrionakine
pressure gfegent may be utilized directly in the controlled process for
ot her purposes requiring pressure neasurenents in a conduit. The 30

met hods and apipds atnowmofin tthe gt dsarge ianpressus nagter at eohjuhcBeni withsthef f ect

mass flowreter by vibrating the flow tubes in both a bending node and in a
twi sti ng Rywaeterato measursr the dpsientanesus materelapeassure farsgaenuse the

associ at ge LAGE8UrbSsureYalues in the correction of the mass flow rate measurements.

Weas 'g%fgffi%%é'%?&é Thi s changes the

causeés errors in the mass fl ow

20 However, the addition of an independent pressure meter adds complexity (and

associated costs) to the flow measurement apparatus.
Solution

The present invention soives the above and other problems, thereby

advancing the useful arts, by providing methods and apparatus for measuring the

25 pressure within a Coriolis mass flowmeter without the addition of an independent

pressure meter. A pressure measurement derived from the operation of a Coriolis

effect mass flowmeter is used to correct the mass flow measurements of the

flowmeter. The pressure measurement may.be utilized directly in the controlied

process for other purposes requiring pressure measurements in a conduit. The

30 methods and apparatus of the present invention operate the Coriolis effect mass

flowmeter by vibrating the flow tubes in both a bending mode and in a twisting

mode. Each mode of vibration has a fundamental frequency associated therewith.
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Nurmer ous ot her correction factors, including flow tube’t ature
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to correc{thigthth flowrate ﬁieterm'nation 1 and, t he pressure
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on the nass ow rate neasurenents. uring pressure w
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effects of pressure changes on the flow tubes 20 vibration charactéristics
per i t s Material Jlaw ypeasiement Applications. r Numeress othemcerrestiarn ifactorsthe 1 ow

br essur ancluBfiot ek S SORNHS iy iERIEN ABhKY I Hlaied Bydhagidiator be
t hi cke nqﬂoﬁéésih?%mﬁr@tu@témpﬁﬁed)fo EGFeItibth the nfddsomdvs rate el nges

on mass flow rate neasurenments. This thinner construction permts the
f | ovhEt eand theasessurrideiterminations &y detemnining pressure withinthe fiewttubegltheat i ons.

moasur erBRps a8 FebBhtsmER@Urd, 68 chraft B reboirh i inpardts Ane

f1 ownet §irakQrERSHH tHePmlaQURow S nid bR, SUCh as is commn in the
measur enment of nass flow of | ow density materials. In accordance with the

present i nveriteasyringpresauieowittin dmg flowdubeb aadi comgperdatingube ressuretici es
may be used to determ ne th r'es%?rg I f the two vibrational node
f r equendN@ss fawciate &0 correct il he, effects of preasiwechangesan thenflawdubesust

respand ibfaliBhcHardcleis6Eepafitd theNERTHBE Whilfo bd BBnklrdieh tiiRinneYy

material. The flow tubes need be only thick enough to reasonably contain the static

material pressure within the operating flow tubes. The flow tube walls need not be

thickened for the sole purpose of reducing the effects of pressure changes on mass

flow rate measurements. This thinner construction permits the flowmeter to

25 maximize its sensitivity in flow measurement applications. The thinner flow tube

walls provide better sensitivity for mass flow measurements.  In particular, the

thinner wall construction permits the flowmeter to measure lower mass flow rates
such as is common in the measurement of mass flow of low density materials.

In accordance with the present invention, the ratio of any two vibrational

30 meode frequencies may be used to determine the pressure if the two vibrational

mode frequencies match certain characteristics. The two vibration modes must

respond differently to changes in pressure within the flow tubes. Any two vibration
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nmode. The signal processing apgrat us determ nes the mass flow rate from
t he bendi mgeds®f apasticulaniiovengieslapplications thesflow tukes may berdriventtoevibrate The

ti f 25  pendi de f ) d twsting f ies, i
par . 185 i1 pafiPURS sPRASSRRE AT B alelhaiver e FioesdnauLe SaRRURDy: < |
fl tub T, I | i t td hi
ratio to dRreTRERLeaR SRR SR hRie" iOles] &7 1Rabeting fiid o1

cor r ect i omdditiingthe tubidsemay deevibiated costimgpusheinpthessendingrescde forewrmalhi s
correction factor is used b\é;h pgﬁgnal

the mass fNass How geasgrpmep ﬁﬁ@gl%ioc Sﬂs_'%?) sag‘ﬂg'fa?%&gihuﬁsg"t’igﬁﬁr ng}j
to control,ode o a5 SéiRRfically"H8lePRIAS DroSRE Uit rhélss Mo BdfrebtioNs ~>
20 therefrom. |
Signal processing apparatus samples the output signals of sensors attached
to the vibrating flow tubes to isolate and measure the frequency of each vibration
mode. The signal processing apparatus determines the mass flow rate from the
bending mode vibration signal samples as is well known in the art. The ratio of
25 Dbending mode frequency and twisting mode frequency varies, in part, as a function
‘of the material pressure within the mass flowmeter's flow tubes. The signal
processing apparatus computes and utilizes this ratio to determine the pressure
within the flowmeter. A mass flow rate correction factor is then determined using
the pressure measurement. This cormrection factor is used by the signal processing
30 apparatus to correct the mass flow rate. This corrected mass flow rate
measurement is then used to 6ontrol or otherwise report information regarding the
process flow.

-



VIO 98/ 07009 | PCT/ US97/ 13972 I n
additio ection of the mass flow rate neasurenents ressure
neasure%%?sig%%he present invention nay be utilized per !s'cé'*/pgg@gg‘lﬁate t he
need for i nddpeaddition toresrection oftlee magsdiow aie madsuremests)thé pressuren
fulfills the need fqr, a pressure measurepent, deyice in applications,of
Cor i ol | INEASHRMETSN e PESEN JvertiGndnay b6 HLlZes per 56 do abUists thainped. Bri ef
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at t achodof fieRbehdFn R mEteihg HeSRRk . Therbr b oA I IR hek

i nvent i dor agprebsuredneasemerst gevigpin epplicetions of CorfdliSfiodrheters heek

di agram depi cting additional details of the mass flow instrunmentation of

FI G &; pressure measuremerps are alsofeguired. a typi cal flow tube in the bending

vi brational node; FIG 44s top.vj.ew Qf a i.cal flow tube in the
twi sting vibrational mdérqugpesgnpho hthg I#ée’é{"&sock di agr am depi cti ng

the various dhgytal Addiker ' i : £dHaan ' I
processgﬂ)yq-‘;'%é gr oég%de{&ntg isdn _Eié:h%éph\?mstﬂlewnﬁggnﬁow i ngtsrzﬁnggng?a |\%n of
FIG 1 usstagmehmtionefiar michenthedimethdsugf dilef @resen imtemntidonoimaheber esent
invention; FIG 6 is a block diagramdepicting the various digital filters
appl i ed adyantagequsiyappliaci enhance signals processed by the prograns in the

DSP w t hin f ' u i 00 . - Malol | t ta

erbclf ment. 1 duet 7 g 4 DRIk BB, d¥hiblng bHuibnd uBfi 19 el BREEANE 4
are fl oyg&aimentdtiophofdaesr be t he net hods of an enbodi nent of the present

I nvention operable within the DSP of the mass flow i nstrunentation of 25
FIG 1; FIG FG.3dsa perspectiveadew of artypical ftow dube i thelending vibatiahahhi ch

i sol ates_t he desired fundamental frequencies of the vibrating flow tubes
usi ng a MeAH%di f f er ence met hod; FIG 11 is a circuit diagramof the bal anced
op- anp _ circui fa El ¢ i | i ANl .ch _
depicts int egilgt? gdlgcaﬁo&? ?W§S§Va| tggisca\;mﬂ,'[ﬁ_*fﬁ{b%ﬁ%ftﬁ%@\g%%&bfégy{aﬁ@dﬂ@at i on of
FI G158l; -6- FIG\6i9a/Haclodiagram depicting the various digital filters applied to isolate

PCT/ US97/ 13972 ] K ) o
and enhance signals processed by the programs in the DSP within mass flow

instrumentation of FIG. 1 using the preferred embodiment sum/difference method
of the present invention; | |

FIG. 6 is a block diagram depicting the various digital fiiters applied to isolate

20 | and enhance signals processed by the programs in the -DSP within mass flow
instrumentation of FIG. 1 using the altema_tiVe embodiment fourth order filter
method of the present invention;

FIGS. 7-9 are flowcharts which describe the methods of an embodiment of
the present invention operable within the DSP of the mass flow instrumentation of

25 FIG.1; )

FIG. 10 is a block diagram of the driver circuit of FIG. 2 which isolates the
desired fundamental frequencies of the vibrating flow tubes using a sum/difference
method; _

'FIG. 11 is a circuit diagram of the batanced op-amp circuit of FIG. 10;
30 FIG. 12 is a block diagram which depicts integrated circuit devices within the

mass flow instrumentation of FIG. 1:
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FIG 13 is a graph depi cfi ng a typical relationship between the calibration
fact or of w 98ass0esf | ownet er and the pressure wthin the fl owoaresyrfidory

t ubes; and FlI 4.Ls ra icting.a typical.re I anshi tween the
rati o of tw st FiBadsJs B dEPE el a db e e s Dele B

f requencygaqd 6#‘{%&%@@ anidtthbpr B/\I/a@@rélvﬂmmé floweete 6w tubss: arsed
Description of the Invention OVERVI CORI OLI S FLOWETER APPLI CATI ONS: A
typi cal Cori ol FiGnté s 4 grapredepicti a $ypitaiustatianshipi retween the astib af twigt t wo
flow tubes 12, 14 affixed to a rranlfold body, 30, s? as to have substantially
i dent i cal mogle \piating freaHepaHeverdhe brasmade Ybralia faciengyand tapressure

respective. put f axes WWand W-W. One of ordinary skill
in'the arwtﬁl ﬁh%f&o&@ﬁ?&r gggnl %e that the cantilever nmounted flowreter

design depicted in FIG IDétailetiDeskription vfdhe reewtiony of a Coriolis
effect mass flowneter in which the methods of the present invention may be

advant ageOMERVIEW! - GORIOLIS INbOWMETER MPLK&AHQNSN invention are
geonmt ??E?”Z'syﬁeaﬁ%lcsﬁﬂ Bl rassclbnet T11a MEREREN I G deat haying gy o
between ¢ fRvhes T2 P a2 *ﬂﬁgﬁ%’@@b@ﬁ%’dﬁﬂg g s Bl ?‘*ﬁ"’?e 1 ow

t ubes42, sﬁﬁn@tﬁor@iarﬂﬁ amdasemahtsubf anextiavabbutnthell répect besow@fc;sﬁasw s
referred to herein as "bendi ng' V|brat|onal node or sinply "bend node.'

FIG 3 isbengingspees |Wera@dv W - e of |Q5d)n@abékd'4!fhth%1@ﬁteml! dseadlly

Cor | & ancrerctsize. il Bk, ﬁ%zt@%“&oﬁﬁﬂa@@%&%%%a@" GeliptdL B FIG™ Bt Vana
left sidegeendsomly 48! dxerﬁf;vaw O 4 l@lﬁﬁ:hé?effécﬂ masgwmetee lhhﬁhfchomet ubes

12, 14 about the céenter axis of each flow tube, nanely,
respect i velejhodsibf thie grieaent invehtiore sayche advamtageeﬂslyzambhedgﬁ'mesm&mdsf t he

1B gt el o e et s i A
130
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capabl e o sd'[ﬂlg'ﬂbwmbe flow tubes 12 and 14 to vibrate in both nodes. FIG

4 is atop viewof a single flow tube 12 attached to a manifold -7- WO
98/ 07009 A drive coil and magnet 20 are mounted at a mudpomh:rgg;qg@etw@e

top portion 130 and 130" of flow tubes 12, 14 to oscillate flow-tubes 12, 14 out of

20 phase about axes W-W and W'-W’. This vibration is referred to herein as a

"bending” vibrational mode or simply *bend mode."” FIG. 3 is a perspective view of

| a single flow tube 14 attached to a manifold body 30 vibrating in the bend mode
about axis W.

A pair of drive coils and associated magnets 21R and 21L are mounted at

25 the right and left sides, respectively, of flow tubes 12, 14 to oscillate the flow tubes

12, 14 about the center axis of each flow tube, namely, T and T', respectively, out

of phase with respect to the left and right sides of the flowtubes. This vibration is

referred to herein as a "twisting" vibrational mode or simply "twist mode.” One of

ordinary skill in the art will readily recognize that drive coil and magnet 20

30 positioned on top portions 130 and 130' may be eliminated if drive coils and

magnets 21R and 21L are capable of driving the flow tubes 12 and 14 to vibrate in

both modes. FIG. 4 is a top view of a single flow tube 12 attached to a manifold

-7~



body 30 vibrating in the twi st node about axis T. As noted in FIG "1, each
“flow tu 14 is driven to vibrate in the tw-sting Its own
axi s, TQ§R§El‘fwrespectively. Left sensor 16 and ri ght seﬁ%‘gﬁsgﬁl@gﬁze

mount ed bueiyr3Q Vibratimgpie the twisemdde abobt axih®. Asmated in BIG 108ath Gowttubes 12,
14 to sense the relative npovenent, of flow tubes 12, 14. This sensjng is

pr ef er abld 2a8né §ydan t%ﬁgmet'%éhﬁit‘ﬁﬁgggdﬁ § ARgUt its S'lé"lnt?x@e%sz‘tﬂ‘%TvFl ow

t ubes 12re$§§d§égpave |l eft side legs 131 and 131 ' and right side |egs 134
and 134." rde | egs converge downwardly toward each other and are

affixed to suyrdfeseissor26 antiridiz@ensdr 1 ard Alotintidenedrithe teshettide BAds.of 10
Brace bars 140R and 140L are brazed to the |legs of flow tubes 12, 14 and

serve t dheetopnportipnsagicflow tiubgadt A 14nto siepse thai retativieemovementiofsflowci | | at e
t of ph i 20 i i zed th 156., Th iti. f
oes s BRS 14y T4 This/Ehnsing |-reRsTeBlyieneE el KngwiRandited Apeling ang

140L OnrJégéﬁygééﬁgaﬁéfgﬁom%eﬁi’anm ha\?é'létﬁjs?’db 13%41'31 antt 131" and HgHRer ature

detecto on side leg 131 of flow tube 14 to neasure e flow

tube' s tsiiptegs 134 anddi347e abpside legs eoheerye downwardly tdveandeéaoh athefl owi ng——

therein. This tenperature information is gsed t o, determ ne changes .in the

spring @nesamnalfixed 9csymases {4 andri2Q/ e pt manifolth plengids 2141 asdrk’s 16 and

st mEiEe tare 3F0R A A0 e Brrd ARG 18G5 bP 30 P4 £ angsmee el .
Mass f1 qy define’ theeakesd WA 2hd WeLwdesbalit wisieh the Mewiube8 RIseRES dut Wil ch
processes the signals received fromsensors 16, 18, and 22 to determ ne the

mass f | qphaseatwhert driver 2thisegnergizet oven gathi 56.gThel positioneof ad@sdd/-Weahd as
th , \ terial i t ' . . Ma fl
"hot r undhoW o Aebsminest by e PRicET of Bracabardofadr 8BS 1abhiar Aes ke ar  ver

20 to osgh t:% 14 in the bend nbde out-of - phase about
%?%%%ﬁ:ﬁ/%&d |t|(1)%§’l Y,

axes W ‘instrumentation 24 applies a drive signal

over{fpat hs 16ferapdrattfe tetabton22 3s Mounted dr2didR, legesieot fluwl tubet 4 doci | | at e
flow tubes 12 and 14 in the tw st node about axis W. One of ordinary skill
in the dneasire thecBaw tWbes: tafaperaturgaand) the @appreximale trmperaiirmobdhe f

o el Yot el TR kbt SR, SRk B
vi br at i gingeBdiasthe/sparigTonseiny oftthe fibw tebes.- Drivers 00, RO 7ARP 21L,
PCT/ US97/ 13972 may drive the fl ow tubes sequentially in the tw different
nodes - sensor®mdé andsl8 and temperature detector 22 are connected to mass flow
20 instrumentation 24 by paths 156, 161, 160, 157, 158 and 159, respectively. Mass
flow instrumentation 24 includes at least one microprocéésor which processes the
signals received from sensors 16, 18, and 22 to determine the mass flow rate of the
material flowing through flowmeter 10 as well as other measurements, such as
material density and temperature. Mass flow instrumentation 24 also applies a
25 drive signal over path 156 to driver 20 to oscillate fiow tubes 12 and 14 in the bend
mode out-of-phase about axes W-W and W’-W’. Additionally, instrumentation 24
applies a drive signal over pathé 160 and 161 to drivers 21L and 21R, respectively,
to oscillate flow tubes 12 and 14 in the twist mode about axis W". One of ordinary
skill in the art will readily recognize that driver 20 may be eliminated if drivers 21L
30 and 21R are physically and electronically capable of simultaneously driving the flow
tubes 12 and 14 in the desired two vibrational modes. Alternatively, the drivers

e



time." One of ordi nary skill in the art will readily recognize that,

dependi nOwpsinrbesow t ube georret ric configurations, a singl eclswnignrrcuit,

properly positioned on the 5 flow tubes, %%&&atp bl.e of driving,.the

f1 ow t ubemaycdriventhgtflow fubest seqHantially imfhe BYQ dBBISNEHOMAES + HNAMOFR A&t i ng

150, 150', Casting elenents 150, 150' are attachable to a supply conduit

and exit @Bﬁdwt (not shown), by flanges 103, 103'. Manifold body 30

diverts the ”ab‘?{é@ﬂorfdsr%d?fs'kmfﬁhtthé AR peaeilipdedd é;mzé thdt| gepbrbiag pbn 14
exi

and then back into an conduit. Wien nmanifold flanges 103 10 and 103
are connefidvetube geometric configacdionsca singledriven girat’ p"@l@ﬁ"h/ mﬁmnad ey theem

- enter SO gNBES TGV 96 GorRLiR 0N Bre Ao gEd NRBEP A R | ce 101
S e g

changi ng cross-section cas

mat eri al *!§Od'aYé aeechableadd supply dohduiandfedittcarideiteinbt $Bdwhy, ByhRadgds | egs
131 and 131 ' of flow tubes 12 and 14, respectively. The material then

flows thr w@m 03e Meplfmldtb@gyeaoeweftt%tm@atemmﬂowtpmﬁh%l&gnpmﬂdt@nnms. de

i ol d Gre e 12174 aReiRSTBRR te'dH @ateddlft ‘WhebGRh b Hehaesitd, o/

S hOW“)lg(“ i 330 %7 CBANESEAVR inft@ndafDd dREoulet endi 104786 4 ebAd@t Sy@Bin 20
110 ? I's connected by flange 103 haV|n3 bolt hol es” 102" to
0

t he condu(ﬁotssjmm)] canvingHberprocasse materali tal be xeasuré tmhmanemaiternersf i ce
101" to return to the flowin e cond b émsﬁ not sho Mass fl ow

i nst r unenmanifeld WVMBQQ@@@E@P@%EQ Jh R&fige 10 ﬂBé'a"Qﬁd"%Q and
generates_s Sk n t

rat es utl?lé g?%‘%&ﬁtml %@rﬁqo ’*%Sp%%‘?@r“‘%s"ﬂ@ﬂoaﬁ. %?l Rg‘"ﬁsrol

of the ”Bér%séls@!}ttéﬁtr?cééﬁhgtw@nbhe1wwﬂbwttadwqadﬁmt mmtar(am divivaan) .
Mass flow instrunmentation 24 al so generates output si anal S on path 162

i ndi c&bi vmd)foqiedsbyunamfﬁld elamenicl 2itodhe lefiieasck3 ard A3d e @f AlowiibesH2

pressure termn

correct t®d s'éesPPSﬁY@& %ggﬁ}\é\n{'ﬂ%gﬂboyﬁgﬁ%’&ﬁﬁw I n%@?é&%&'kﬁeﬂ%@m ly

for ot her n 7009
A e O L T

f1 ow r at estrgdrhiwithén flowitobe snariifodd elemarst 1210w Ehe fluidds tnereafteo rduded to a

roportional to At (the_tine difference suremnment di sgusse ve). The
ﬁasg channel (not shown) in exit casting element 15 andnﬁ’sen to ex(r;t mam?olg %nt

20 110°. Exit end 104 is connected by flange 103" having bolt holes 102" to the
conduit system (not shown). The material exits through outlet orifice 101’ fo return
to the flow in the conduit system (not shown).

Mass flow instrumentation 24 analyzes signals received on paths 157, 158,
and 159 and generates standard output signals on path 155 to indicate mass flow '

25 rétes utilized by a control system or operator for monitoring and control of the mass
flow rate through the associated conduit system (not shown). Mass fiow
instrumentation 24 also generates output signals on path 162 indicative of pressure
within the mass flowmeter. As rioted above, the pressure so determined is used
within the mass flow instrumentation to correct the mass flow rate computations and

30 may be used independently for other control purposes requiring pressure

measurements.



flowrate may therefore be expressed as: 5 _

m=CFAt where CE is the calibration factor and mis flow rﬁé_ﬁ F%)){\lﬁver, as -
.pressurewpﬁé@%@ges or decreases within the fl owubes of t ESHVHPT% ef f ect
mass f | oQVERVIEWhePRESSUREERFECTS ONJVLOWTUBERYIBRATYONSA change in the
stiffness of the flow tube affects the nf?ss flow rate sensitivity of the
floweter. A Masfglownratgevithin aGanalisseffest mass foyinelghds HNQWnmie & s t he

vibrational fre iy € ' ot ' nmode
and twi sProRpigaE TR fhetimé Hiteheri ndaeTremialf ditilsRelBbVER PR NS
responseqfb@ r@{@ﬁvﬁj.y’meﬁé‘fa@sé ekprddeedfdsow t ubes. The frequency ratio is
therefore relatedto pressure within the flow tubes (as well as a nunber of

ot her 5f actors) . 15 FI GS. 13 ramdCE&Atare graphs of enpirical data from=
oper.ating CorigQli,s effe ss_fl owreters, which depi¢ct the effects
descri beM’h;?é%\fg, 'mt&e %ﬁ"&:bnafqﬁt%"pﬁngéﬁi '5%1% Bl é’fﬂw%‘fefre@?sp'@ﬁsﬁ?eessur e

on the f p&&yg%é&@&é&@ggg \gﬁhiﬁ 5 %w@eﬁsg&r tﬁé%brfdﬁe@rem%ﬁcfﬂifv{mé@ri on

factor o y-axi's as a function o pressure w thin the ow t Ubes on

t he x- axtife stiffivess of thedflelatubgsomalychbp@e. A dhRdngeiritheaiffifrsse cfdheMeasur ed
data froman operating Mcro Mdtion D300 fl owreter (nodified to provide

addi t i onttibed affests tha sass: flawpete sensilivily of the tlomgnetery eArehangea the | as.

PonchO, S & 6 how b e SR T YO AR ohlR e PR BB o
14 is a ghanatidattpebAbendmd Hodef A0S tWhislihg PRAESWbfath frdquéiGasientie ratio

25 of the flow tubes. Gaph 1400 shows the frequency ratio of tw st node
vi br at i oflowviubesecbangatein respanisentooprassarg changesidn dhe dlow itabesf Thee

pressure within the flow tubes on the x-axis. Curves 1402 and 1404 are
D Cteod ¢ foRuABGY ERloB BOTRIPT ©IATPE 1P POGREE MINT NG 0% WokS 16 WRRESE s
fl ownret erHH&%giO?i?%'lfgc{y yi de additional drive coils for application of

tw sti ngn rcée as [l as bending drive force). 30 Specifically,

curvgsl402 i sFiGEL 48 dnd thare graphs of ermirioat datshirbre dperatimg Carlotis effecbugh
the CMF300 fl owneter and curve 1404 is fitted to data EOi nts measured while

flowi ng tass fgwmeters whigh depict theaftects desrsibed ahave: ahlBe13.deP BFRARTLUr ves
PCT) Uso7 PRBSHS DRSR SR A5Rresoulp SpAMe IRNmeRSicalatPP fafieh §aPR 1309 <
ot 11 o TSR CAMBGH Rldal Y LFRE dRAcHTLL! 10 dmnesyinn fe LS
t he freqflewciubest bp.thei k-axisse The piotted data points 1302, 1304, and 1306 are
20 measured data from an operating Micro Motion D300 flowmeter (modified to
provide additional drive coils for application of twisting drive force as well as
bending drive force). It can be seen in graph 1300 that the calibration factor
increases as the pressure within the D300 flow tubes increases.
FIG. 14 is a graph depicting typical effects of pressure on the frequency ratio
25 of the flow tubes. Graph 1400 sho_ws the frequency ratio of twist mode vibration
over bend mode vibration on the y-axis as a function of the pressure within the flow
tubes on the x-axis. Curves 1402 and 1404 are fitted to measured data points from
an operating Micro Motion CMF300 mass flowmeter (modified to provide additional
drive coils for applidaﬁon of twisting drive.force as well as bending drive force).
30 Specifically, curve 1402 is fitted to data points measured while flowing water
throxjgh the CMF300 flowmeter and curve 1404 is fitted to data points measured

while flowing com syrup through the CMF300 flowmeter. It can be seen in curves
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. préssur

it can be shown that terrperature'and nounting paraneters of the flow tubes
can 5 af fweowswtwes frequency rati-o deterninati on. These fact pCRUSEIMIBE

e used 1 1405 St 80 T BT PAOT R Ehe e ey 1Bl ortett T By RS e R ©
conpensat i gRsAGPRLbEA(dshRerES byddriftly ff thée mitahhiFlowing theregh) ect neasure of
the pressure wthin the operating nmass fl owreter flow tubes.” Details of the

requi red conpenAatriobed i &G ridv imataridlalensity @ffects the frauenayratior ddkesvise,
rati o has peen appropriately adjusted, it i ed tQ determne the
corlrespo?\ditﬁﬁn;ﬂeegp !RYF%%%"S%%‘?B( u?‘? PB@\/@%@&@@PW%M t&'ﬁrf{;’@’ E“Iqescﬁaft abl e
l.ooku nd_j ' | : ' : : | t he

D, 8"l e Feglienty RIBRICEMInaon FRMRRIIRY, BanBRadiy harGadled (0° -

may .be uti hhdedmpetisatéd byscalibdatiore bf thie stassclowmetercas isetioh apRIrigiaas ons
‘requiring 15 such pressure determnations. In addition, the pressure so

“det er mi nedapplicatien. t dhedrequanayheatiawithr these rearapensationst appliess theretoniset er
to thereby,corsrect the nass. 1&10 rate mea urenent s tt{ reof . The.pressure is
used To detErAPRRUSARIE e AT ndirerteriyR ot e BEsshTa MR Peaperaite et
correct t I Deflsi bt .
hﬁﬁﬁ%@eﬁﬂcﬁ\ﬂtﬁ%@ Defalls sthe TRQuIFBS %omﬁé\#gggécgﬁé mbﬂdé%?_)egr%& N

vi brating ow tubes is therefore determ ned as: ere
are asi@bove anOn€e the frequerxyuratiocbas deenoappraptiately Bdjusted et Ssinsed to
correction factor |s determned at calibration of the mass flowreter and is

conput ed adeterminedhe SQMeEPeRding Arpssw e Withia dhe Sowdubes, ¥ell knewn curve fit

CP =1+ ( rL P .- . e ) calibration
factor ( exéﬁ%@gee%oglggéngé?tggﬁé%@ %%m&ﬁ%t%ssmﬁg%eoﬁﬁlgeﬂ ﬁec%nggeu_r e
(det er ni neghedsreséiragiven thel dorhpendatedvireybency ritid. Riherprbssireldtedéahhipieat i on
line pressure (i.e., the nomnal pressure used to calibrate the flowreter
f or ner mal maydeatilized,perisesas adiegtpresgpre measwemenbieranpliicaticns reqairingn 30
factor Klerr] and calbbration line pressure P[err] are determ ned through
standa?gf %PE?SSP"% ﬂe?ﬁ‘ﬁ‘agé’f‘ﬁbr ation techniques well known to those of

ordinary skill jiaddifiof the pres¥Bre?86 Uei@mined is used to_corre ibrati
DCT Uney 15070 'Saddifiofl the prestite)So Medeltnined is used to_cor ct ihe calibration, | on

conpri ses facwrofithesivass flopwmetes 0 thereby bodecithermbseflowtratemeasdutirhents
si gnal processor r:[]1(4"[1)%SP) chip, to performthe conputational functions within
mass f| ow thegegfy BIGSSHIS$ U#ﬁ%@r‘é@'@r@m?pﬁ PEespuse carestion fagier whisholg 5 -

signal s gepgpalBfedto BHrEMthE Wégsef?o‘w d8fermiatioh W He 1RGsS 888 Fats with the

di screte
20 vibrating flow tubes is therefore determined as:

m = CF CP At
where CF and At are as above and CP is a pressure correction factor. This
pressure correction factor is determined at calibration of the mass flowmeter and
is computed as a function of the computed pressure as follows:
25 , CP =1 + ((K,/100) (P - Py))
where K, is a pressure calibration factor (expressed as a percentage per psi of
pressure), P is the pressure (determined as above) within the flow tubes, and P, is
the calibration line pressure (i.e., the nominal pressure used to calibrate the
flowmeter for normal operation in its intended application). Pressure calibration
30 factor K, and calibration line pressure PD are determined through standard factory

or in situ calibration techniques well known to those of ordinary skill in the art.
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sanples fromthe left and right sensors are digitized by use of st andar d

anal og t@g Qdkdbdag! conversion (A/ D) devices. Once digitizegsr
processi‘%’aqg@l’dtoﬁe sanples is f)erformed bXﬂ'?i gi tal signal g%@ggi?% nmet hods

wi t hi n tOVEBRMEW: - MASHi ELAWINSTRYMENT. éssing software (discussed
below) is o abl e on, 10 ss_f i pstr,urentati on 2 h i n _gr.eater _
aotatl in pr e bt entER Shbis ARRE T o R pAAORNRs ShetE o
devi.ce. i A¢gs e s ' A

e ontfin o Al Vo i BROVLSHE SR PEID § befitim the CompRtRnab HIREBRs | bep
pr ocessagititiavnass fleneinstromentatiarh24 e Dikerelte damples areatakenfethexamaibg of

such a device i s the Texas Instrunents TNS ﬁg@ﬁié&ﬁ 15 Thi s device includes

a Har?imeﬁiﬁn?fﬁcﬁ_ﬁﬂq{@%?ﬁto%?‘&é@?i‘?ﬂfmﬁf the H _(,%'ls_ﬁég-pé—rhleoﬁﬁﬁfﬁ}%l of the
Tesarl y TGRS rigth R M RO seErPar IBIBRI AR of ankaft Bigiolfts

‘enpl oyedgigital ¢BRVERIGH GUDYdebices Dneeaigitized) tfintier procedsiniyof e samaslesi on
fl oati ng. point conputations where, for exanple, cost considerations of the

part i culispedfppnaddy digitaisignamrncessing matbodswibincbedd SR chip.ons. Processor
1200 reads program jnstructions from progr ROM 1202 over bus 52 and
Tani pul at o5’ JHE QRREILHBRE: RIOPRS SIS OATS JBISCHASS0 DRIPWIGRORATaB e far y
skilJaw ' i WAToR l: d : ce

7 act 1 o pgS HERPRistmqiRbiof 24T BREMEFUBHER, indHE, 20 PR I
progr amptbeessar 4200006 FIGoM R@V d 2 putinigAlledize4 muehi fike carey tIcoenmon

per formance of processor 1200 in fetching instructions. A/D converters 200
each redviorepracessel bt with special purposeifunstionsduned ot applicatips tasigna! out put

cont ror. RAPEReo tsHR7 (MBgk 3o ERP Bikedsior BBk obe kRaR 5380sd sRAled P! ' &
respect ijy ghe/ artdné eszsmgvéoﬂ'smﬂéaéﬁicéqm@mﬂbyﬁ%twn%mws/déo@mverters
200 over paths 250 and 252, respectively. One of ordinary skill in the art
©wi | | 45 edbhis devioeo indludes hahardwack iflogting (radmtsproeeasing dnist ta leahance dbe
conponent

PCT/ USQW%@%“E&@ }éﬁ E@nlﬁvg@%gé%%gm%b@%Qgeggfn%mgﬁ% ﬁki_{'é%mﬁ %‘aes such
27 ook o GR0N R85 bk S pobssPnloss T by | o0
convert gns caffanetion ewlth dseftivadiet lermulation librarés font prgcisiced floatiogi poiatt h
i tip ecocrr?gt\xltg{ict)ﬁsr %h%?éj. fgr esiann%';lalg. ggs%rr}is%%trai\t?o%sbgfsthe particular application
20 overshadow performance considerations.
Processor 1200 reads program instructions from program ROM 1202 over
bus 1252 and manipulates data and buffers in RAM 1204 over bus 1254. One of
ordinary skill will recognize that, depending upon several cost and performance
factors, it may be preferable under certain circumstances to copy the program
25 instructions from ROM 1202 to RAM 1204 to improve the performance of processor
1200 in fetching instructions. ' |
AJ/D converters 200 each receive an analog signal from their respective flow
tube sensor output signals applied to paths 157 and 158, respectively. Processor
1200 applies control signals to A/D converters 200 over paths 250 and 252,
30 respectively', and receives_ digitized sample values from the A/D converters 200
over péths 250 and 252, respectively. One of ordinary skill in the art will readily -

recognize that clocking signals required by the various components may be
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connection to the DSP processor. This hel ps assure that the phase
rel ati onshW@8R909%ken the two sanpl ed signals is due.to the REEUSHTIIZS72

ef fects of bgat fo.Signal e
Fouti ng oPeneiated g’ P el eldm ek | WGebATh, TARThGe o bhoRE chsfi
circuits. dbﬁﬂ‘blléﬁlCd%cﬂFa&BrgooNaByQﬁrBéi‘ﬂ‘emrcd?ﬁméﬁclé@ a%tbﬂ@@mkt@eﬁérgﬁén
skilled in the art. One exanple of such a chip is the Crystal

Sem condudm@!aategmgltsa 2-channel stereo A/ D converter device. Processor
1200 determ ne At m e differe bet ween the Ied
channel s and - agﬂﬁf‘ss‘”éﬁeﬂ%@ &dh'ﬁg?{'ﬂkg ﬁ:oqv(sartF& ?‘Pﬁ 3§ ?ﬁ‘gﬂd?ﬂ%’

conver tger slrggﬂé rﬁt@@Yﬁéﬂ&:u‘cﬂﬂ vﬂtmmuﬁi 6 COnvériare!an @emgléépﬁrﬁnm&&:&ﬁég into
an analog 1 si ghal proportional to mass flow rate applied to pat %

Processor cbﬂﬁéctummtmﬁtm%pmomsur t Tibisfhedge assumsvibat thenplhdase relaﬁmshspjles

t he pressyre n the Co O|IS eff massf QWTETL er fromthe sa Ied
channel s iﬁ?@” r}leeg”chs%m@ IS‘W%M}"?%’% gt e brating

Fyn?ociﬁvert%?o%*%‘fngfq iR ona@q%'oﬁ%?es@{u’ﬁ'is %%' Uopel Sl npa 1520, o
si gnal on phgsiballylSSparate ABR convertidiicans.t May duchaltemid meén&ér%r &ﬁ@é’m)

- appropriate to the particular flowreter neasurenent application.
ci rcuil0 1208 knewsi tedbose skiled| lb(jhe |agha09eaqxarmma of suphtehehip5E the Crisai

Shec e ©  aHmirgndud’s F5aeacs Ll HapS A/ pomaett Hettne.. o ver
circuit 1208 dﬁ@éé@é@)‘?sl%bede%‘fﬂ';@%s babg dethé gﬁés&ta é, pgn,?%& as

well as the difference between t anne

i sol at e t thee bamplet)chantee!$ ramtmmuesfa Si@nhhprdparﬁdnamo mde ﬁatﬁCIQSBCYD/AThe
signals applied to the left and right channel 8nal aths I nduced by the

" pendi ng nBeRveras1206senvarts the digitak 'QM'IV?N&IEMQ hh2 56 intt ansingdeg s

cubst Tt SOPG° BrberbehALi MRS ol ralebbBiE ) o aSe bEaSRe 100, innc

right chagpebrdanedalith the beésdrt i e
bendi ng aage 88 with o7o5’§é iRPENntibrS hlsBNdbtBFrAMSRE SresReReRithin tHd

PCT/ US97/ &a9iplis faféquasﬁ Bowmetari fgomnf theesarhpledianannsiscand applies @ysignaponent
gt chaTREOREE BT 1 SiEss P eih (1208 S FOBYREEA10 BAMYSTES the diithly mode
mode | PEéﬁ'gﬂé’y@a‘ﬁb%ﬁ"e%&*“i"c?@a”n’a‘**{%“ iRy S, PRORAIGH GhreggudeT "
addi t ROnaappléchtd patafi@2.cdthe signal on paths 155 and 162 are applied to utilization
means (not shown) appropriate to the particular flowmeter measurement
application.
Driver circuit 1208 receives the analog signals applied to paths 157 and 158
generated by left and right 6hanne| sensors. Driver circuit 1208 isolates the
25 bending mode frequency and the__t_wisﬁng mode frequency. Driver circuit 1208
determines the sum of the left and rfght channel signals as well as the difference
between the left and right channel signals to isolate the bending mode frequency
from the twisting mode frequency. The signals applied to the left and right channe!
| signal paths induced by the bending mode vibrations are substantially in phase
- 30 while the signals induced thereon by twisting mode vibrations of the flow tubes are
substantially out of phase (approximately 180°). The sum of the left and right
channel signals therefore has a strong frequency component in the bending

-~
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op-anp circuit 1008 of FIG 10 conbines the signals fromthe left and ri ght
.channel s ce the sumand difference of the signals bove. -
G aphs. 16‘88%004 on path 157 depict the superpositi onl?‘g:f‘ir t Zﬁ%é%di ng
node and fregusnicygamd de significant'y rdimirished fraguepcy cosapenerd 7in thex byistrg
graphs 1002 and 1006 10 .depict..the s r pOSi.t i of . t. | nQ. and
twi sting f?ﬁﬂ!’@r\‘f'yb%gﬁr?v(?ﬁ%e')/e@ﬁé%{f?'@&cﬁ%gﬁwgg? ﬁhel@ ang P'Bgt Eﬁ%@@%@qgr aphs
1000 and L1002, (HBRLCHEA AR TR AL d e eleRCgNaha o ar €
'substantiaglé isﬁ%ghagrga\g\ﬁf@g grap @13@4 and l100(?, depi c?ﬁﬁ’g the tw.sting
mode Vi brsggrificanitiycdintsisheg frelgaenay eompbsenhini thklbending olodetfeequenGyaph 1010

depicts the sumof the |eft and right channel 15 signals produced b
bal'anded op- arffG8-r1é@and 1bggseiRe dpyen duits 208R a@gﬂqml F’@P I %ﬂar}gq .

depicts the diff | f | gf e j Iy by
bal anced %?H}Pp cﬁ'{:ﬁ@ﬁﬁdél%gﬁ ghgdaggﬁ\?’gfnés?g{epgﬁg %igrg%gggéfggt%@g@@ :
or di nary cﬁléhgbléta prb&ucd the\iur ane iffenérce ofithe signafssagnoted abiopei Glaphs pat hs
156, 160, and 161 nust be anplified and conditioned prior to their being

?ppl i ed amgnr anér‘totl}ﬁmgualpaﬁhrdﬁiaiépid/\ﬁﬁt superposition io_i th?tb@@dinmquﬁeand f
requency depicted in graph 1010 isS the [ nmode frequ C ent o
t he si gnéwgstrngméwbr%nnsaﬁwqq%&ﬁﬁ %ﬁggg mﬁer”és% H@ﬁ%ﬁ@%@ﬁ%@ ct ed

i n graph | L SkA NG e e C f Lgnal s.
The "o APV Uik SiReisttor e ECLERGRHCRIEA A8 WiRing méd¥ ASiRoRs O0;

t he superragpestivilpaal gathm 58cit isfnotée tiatagraphs .1080GNdL 108Rpdepicting 2be

cascaded op-anps which conprise the bal anced OF-a, Ci rcuitvé1008 of FIG
'10. One dfensting mede vibraton induged signajs. are seibgtantiaty i ghase wiilgigraphs

Bhove. - DU L1008, Fehpickhel e el ModeElvitali thoddel SPGHCREE o

upon the é‘tﬁ%iaf#tﬁgiggﬂﬁf t PrGrQBhﬁmOiie?l&éﬁwéémbﬁﬁélé{tﬁmtﬂgh%ﬁmrS are

180[err] out o respect 30 0 one another with reéespect to
tw st4§1g sigals\prbdacecby batencedop-ampsaircsit 1G08ard applied tnpathatad while

respect to bending, nmpde viQrations. This fact enabl es the use of t

Gt di 1  aranbd C13HEREts the diBrerct ofheelt a8d HaflignEe| yoRelsipdlosd By o

- 14- ircui ' 161. f ordi

PCT/ USQ?)%% v‘?‘g%gt’? 8’F1cur'rto1dpe08f ?%%Sgﬁléeldetso %%%395&%" on tr?enes% nqsro;nao%t put

“signal s. dRiWird e wrnwiltbsogiizé tieatathe! signals rapplied 1o pbthise1586, tBhtand16hose of
ordinary skill in the art. In addition, other vi'brat{ﬁz{] ngdes rraé bet-
enpl oyed myst be amplifigdanst conditioned; prier totpelbedig #pPIRT 3HdIVe Hoaalg to
180[egt] ph I el~ati | t; | k es,
wol | 250 PinGIer 0" ot e 0 reBONG, ERiciedinHADt 1070 IS 66ndAg

mode frequency component of the signals from the left and right channels while the

frequency depicted in graph 1012 is the twisting mode frequency component of the
same signals. The sumvdifference method of circuit 1008 isolates the two
components of the superposed signals_on each of the channe!s. FIG. 11 shows the

25 cascaded op-amps which comprise the balanced op-'amp circuit 1008 of FiG. 10.
One of ordinary skill in the art will réadi!y recognize digital processing
techniques equivalent to the driver circuit 1208 discussed above. The general
design of the driver circuit 1208 discussed above relies upon the fact that the
sensor output signals from the flow tube sensors are 180° out of phase with respect

30 to one another with respect to twisting mode vibrations whereas the sensor signals
are in phase with respect to bending mode vibrations. This fact enables the use

of the sum/difference analog circuit design discussed above to isolate the two

-14-



to provide for the isolation of the various vibrational node frequencies
and for tQ{e gevapat i on of appropriate drive signals. Sl GNALpd¥EEdERSIRIG
METHODS - FREQUENCY DETERM NATION. FIG 2 depicts the general structure of,
and assocviration reedefirequenciag Fepepesed on f’%e-sﬁf‘ﬁ%rﬁp ”tiﬂgi‘?’ﬁrretbf%lﬁ]on 24

of the present, i nventiaon L ' t | @ i Al 0p .a
conput at i Hﬁgams‘tcﬁitﬁelﬁéﬁlqggg‘i’&%@%%g&g{t@c%rggéiog\se‘r%}‘abﬂéﬂgﬁ{sr{een?m il

i nvent i on GusiitfionethSesibRitiohWRo88S fitlyl B Binpis\ait by the tASAE bf Hres priserst
channel for processing the left flow tube sensor output signal and a second
channel f mvemtionds ihich thed ranhi 861 phaseutsiationsbips nnied @above ghesr Notrexst wo

"channel s" 15 f |l mefri i.th th
e < ateh SRy, WAL ot YBPR! BisRaReBaRt b lr S TR hbUSH o
di scussi og, b?oﬁc\%ﬁﬁ'iﬁ?ﬂsdl?i&neéﬂﬁe ridus Yirafbndfeho @ 'fr%qﬁbﬁ&@%taﬁd for the
applicationtin I'ch e undarrentgl Prequency of the bendi ng node

vibr at i ng gkheratiomsfappropiaecdrivesdighals 100 Hz. A typical twisting node
frequency corresponding 20 to this exe Iaré/ bendi ng node frequency may
be. for CEIBNAL PRIOEESSINGMETHODE, FRERUENCY DEIERMBIATING! | ons may
vibrate at oth f Leguenci.es rrespongdi ng .t Jatl k Gh be

i arly usef E1CH 7 aRiva e o ge SUOERe I And prioifdy i BFiamrRten”
”Ea.s”ﬁ@”eﬂf(,?tp%%O\ﬁﬁﬁt‘éﬂndtﬁjﬂéﬂtbﬁéﬁ'%ﬁf%@ dritafldntioheaton padichsr thwse of
ordi nary sKi In the art that the apparatus and nethods of the present 25
i nvent i onfiowyofiaformatioadaridcompytationbiwithin OSP 6200 Oihet meterl eléctderics ofl

frequenci es. Conputations perforped by DSP 1200 are sho as conput ati onal
el ement bl REBSANLNYETHOP 1§ SOMATiFes ok two esssyialy Ianicabinpannelsna frst

el ements dj o i & I |

associ at eghaﬁﬁﬁﬁg‘?d&gégg@gﬁﬁgéﬁﬁyﬂge s? ﬁ%&ﬁ%&ﬁﬁ%ﬁg@ﬁ?ﬁéou pu ansnleénal S.
CLOCK 214¢&f pfolcessihightheMigit fiow bl Sensorwiapet Signsici Thetwoilehalinelsy are ous
sanpling rates of the conputational elenments discussed below." It is to be
under 46ootundamentaliy Ryremetic excepl withgespent to the weight agaptationwidbe apdeio

PCT/ US97/ %@972 t he sig\cgb | rocessing methods within mass fl ow

i nst r unent&eiSAL 9F¥CUP BB ed as appropriate by CLOCK 214. Timi ng of

various conput %gggw@bﬁgbugeﬁn% E@%&@ﬁ%ﬁﬁ@sf & Rypit&F Coridh floWendtef t her

"cl ocked” (or gat e aval | abi signals Troman earlier
conput at i applicatioage wHich tiiehfandamedta! freqoéncyofthedicndireg moldeckb&tidgfiost ed

vai | abi | MBS 2RRrRRMASA D0UEF: el UElRg DivdelEasehsy o TRAnsGing
concegpuakd ¥yis exemplary bending mode frequency may be, for example, approximately 250
Hz. Other flow tube configurations may vibrate at other frequencies corresponding
to other ratios which may be similady usefut in determining pressure and correcting
mass ﬂ;w rate measurements therefrom. it will therefore bé readily recognized by

those of ordinary skill in the' art that the apparatus and methods of the present
25 invention may be applied to many combinations of vibrational modes and

frequencies. |

Computations performed by DSP 1200 are shown as computational element
blocks within DSP 1200 in FIG. _2. Many of the computational elements discussed
below operate synchronously with clock signals associated with various samples
30 of the flow tube sensor output signals. CLOCK 214 of FIG. 2 provides clocking
signals associated with the various sampling rates of the computational elements

discussed below. ltis to be ungjerstood that clock signals required for operation of
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supplies the clocking for all conputations in that all conputational
el enent }Wﬂ&upon earlier intermedi ate conputati-ons which in turn .depend
upon t he*Prti®ely clocked digitized sanpl es generated by HEBPEEARrters

200. 10the signallirecdsding pesthsds withinahass flow fnsGunfentalion 24 ard supsliddoas
conputational elenments inside DSP 1200 represent the passing of data from

one conBRPEARTARPYLFERE 2. Jimge ofyatieysiromputationss wihim therslements i n t he

Mhto s JEPRER mEICEAMBLER Hifkr SRARE IO oFBFERL e ARORb T s et e ot
the compghRbhOskriER¥oRPUERtRINGI 3Eadeas FPBthe? w@raepsa&rh%o}»fgfdtméi ational

el ements. The particul ar deconposition of the conputations into elenents
showb aseblated wvithin BSEF 12000faIEht2 srayodperate syndhoonabsly with afspetcbtaissi on.

Tl i e Lo et it
200 20 W i .
(unpr o838l Horkba Br EFLHRRLRACHRD ARSI baelEtfodiebhBnifttnege

conver t gpoR Hari@nptermeadiatecsorhpstatiods Nhieh# fen féiie?éﬁh upReh HeNYeEisent he
sanpl ed val ue to di gltal formonce for each signal pulse applied to path

270 by clocked digi samplescgensergted by pfiDiconvedens/20&onvert ers 200 over path
270 .qust have a highly accurate fregyancy .to. 25, pernit sanpling of the

f 1 oW¥t ube seﬁ'g@r gﬁ% ﬁi/?fh%'@‘i’fﬁ?éd;f" g}iér x%dm@mpmﬁdaﬂa% campeiatiepel f or
theproréﬁé' el ' | L Sf e | S

pr ef era% y aﬁg iug{;%%b@y@ﬂggsggpgé&gﬁgiﬂegga%%ﬁg ragﬁ%l%gk%rﬁowc 'cﬁgﬁ?{@ﬁéﬂ ent
CLOCK 2élementmraiagetmbhethen. i@neiotordisity Sklnthe grawil readiyricognizef t he
operation of CLOCK 214 through appropriate registers of CLOCK 214. 30

The out gt esuiyigntcamputations may be hrteraskina yarietysofoimitacforms; suakppl i ed

ert 1 SRt bRD FErRERlasd ks Pt cGumabions dRad Beldimdn BB Pasirover
pat B5154mingthe vaFioud/ ddmpdtational\lefdhts’ 0PRe particular decomposition of the

PCT/ US97/ 13 72_ converter 200 sanples and converts the anal og signals from
t he fl owpmpblationssioia elesnentyishown, as iecksAnFiGo 3 isr 2 anatteroof chnicefer

PO B HREu R BB RS i e BB PP ™

corr espadRtRartd of Fiesr vaht channel sensor output 5 is applied over path
252 to 48:1 decimation filter elenent 202. 48:1 decimation filter elenents

202 are oper SOCKI214i suppidies EPperiodic patsednsignal cleckcto Ahpbrverters 200

20 over path 270 to determine the sampling rate of the raw (unprocessed) signals

generated by the flow tube sensors. Each A/D converter 200 samples its

corresponding analog”signal' and converts the sampled value fo digital form once

for each signal pulsé applied to péth 270 by CLOCK 214. This clock signal applied

to A/D converters 200 over path 270 must have a highly accurate frequency to

25 permit sampling of the flow tube sensor output signals at a fixed sampling rate as

required for the processing of the present invention. This clock pulse accuracy is

preferably achieved by use of a crystal controlled clock.” To the extent CLOCK 214

is programmable in nature, DSP 1200 programs parameters of the operation of
CLOCK 214 through appropriate registers of CLOCK 214,

30 The output signal from the right flow tube sensor 18 of FIG. 1 is applied to

- AJ/D converter 200 over path 158 of FIG. 1. The output signal from the left flow tube

sensor 16 of FIG. 1 is applied to'A/_D converter 200 over path 157 of FIG. 1. A/D
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received fromthe A/ D converters 200 on the channels. The decimation filter
el ement s 39gsgerbose the nunber of sanples by a factor of 48paivssrsmyvi di ng

i gni fi t ti-allasi filtrati f th L ed_si. val .. f
or di mary dervprtec20d Stes.and (R e Al BRRe R A PoW hHE S508Rat  on
rati o of 4§ dighs vaIiEs.t AVD YorvBREREROD Mperatel @Bpehsive 2o dRe TREUTadiRMEyt he
particul ar p%l I cation environnment. The 48:1 decimation filter el enent 202

i s done i mperiodicstiage signahregeivediangeath@d 10osupplieg by ssystemayide GoDEKs2 tyes of -
decimation filter el enent, 202 ar referably i.npl enmented as, finite inpulse
response (FIR) ponyverieg; ‘121@%3' iVPﬁ'«?P%Q"quQPQ%SHS&e f‘ﬂgt ‘%\?”nlef ??'?Sqrtoé’ﬁgﬁar e
desi gn and. | e t.edl | | [ LGN,
Gorier ates 1 PPBUH HIE with 252 3,485 Al e BERfe 412, 46 ditifltion
recogni ze fipteléenhtyf 202 tei dputhble WRBIRODSP 1 20M)in frespeiseT®y eakbh Gaatplesed

for the decimation stages. Use of FIR versus IIRfiltrationis a matter of
desi gn chaeceivedsfeamothec AR woavedaes 200ren dxe tohaanelst hd heedegimatiopditter of

t he conput ati onal enments used in a 20 particul af design., The first, stage
of dec muatements 207 Eelke e gyt ol Salbias &Y 2 lastic ol s Wit nioviding) o
rate from | : 29 | Kk ' 41 St
st age, th(ﬁ%‘g@é%g%hgé# g Qtfﬂ%%pla?’o%ﬂg{ggwéggbﬁ?y‘éﬁﬂg%h?ﬁ%ﬁ‘%"%85‘!’ns at
appr oxjoratig 1h8 b9t Wil retbgnizesthbthé particbiarfdgcirhatiomestide648: iei 4 atter of and

the 25 stopband has a wejight of approximately 10[err]. The kernel has
| engt h 72 .enginessingaiesion ehrice deperdingupon thelnaétrw&areamﬂt:amepwmmmata 6: 1

514 1o, rara s et Bl S EMCER BaRUR o stdert o 1 SR OGRS,
the st opbqag/dabeﬂi Bfagdl BUW Vthged YPdinagn fillee damenb20? BAs dﬁ@ﬁeﬁé‘tﬂyL
t he stopband has wer'ght 10[err], 30 and the kernel has I ength 181. Kenel

coef fi ci emnpldmeentedeaad fimitet inspuise respoinset (6iRf ahti-aliasing fiters. ePegfesably, the
-0.00000081764524630121, 0. Q0000698245451987758 -17- WD_98/ 07009 |,
pCT/ USS7/ FiBHAdteps eméwﬁgg G0 %mfngﬁcgeﬁasfsbﬁzﬂ@‘m-mez algorithm

0. 000075482 BEREARES aR oPHREPAMS2 e SPERIRTEY Jkill in thdaRWIF FltifitAibaet 00024

an infinite impulse response (lIR) filter may also be used for the decimation stages.

Use of FIR versus IR filtration is a matter of design choice based on computational
complexity and the relative power of the computational elements used in a
20 particular design.

The first stage of decimation filter element 202 performs an 8:1 reduction in
the sample rate from approximately 39.1 kHz to approximately 4.9 kHz. For this
first stage, the passband ends at approximately 300 Hz and the stopband begins
at approximate 2319 Hz. The passband of the first stage has a weight of 1 and the

25 stopband has a weight of approximately 10f_‘_.____The kemel has length 72. The
second stage of decimation filter element 202 performs a 6:1 reduction in the
sample rate from approximately 4.9 kHz fo approximafely 814 Hz. For the second
stage, the passband ends at approximately 300 Hz, the stopband begins at
approximately 400 Hz, the pass band has weight 1, the stopband has weight 104,

30 and the kernel has length 181. | _

Kemnel coefficients for the first stage decimator filter are preferably:

-0.00000081764524630121
0.00000698245451987758

-17-



OO0 O0OO0OO0O0OO0O0O00OO0O

. 00035427612800655528 0. 00053901217722666664 0. 00079209847140532400
.001129@8)9%6@060416 10 0. 00156872083590591968

. 002127

. 00469898731.900017213963885136870. 00590584018301447296

. 0073061726(7@6@635@3@4@7@0‘%@@68563478318592 0. 01070092291349931840

228352 0.00282427204255895904 0. 003676162Y58833653%0

. 01268750876 43007259867 2488844689. 01485057644139987840 :

. 017168933 g%éég%%& @%@3@28511740982400 9. 02215097935643592320
. 024 376940 02732738160877671360

. 029869056 4399368606080 0.03459371442646413440
. 0366693796% 03848619661702702080

. 03999905352.0005390 b1 1Y 226666640605355454720 0. 04196728384459161600
. 042371501 20,000%830884 BEI0532400. 04237150120084636160 :
. 04196728383.4591 545604 O bBDR960605355454720 0. 03999905354911612160

033 86196 0591 03666937963516617600
03 937143%88§§g%§§£5f%é§§g§§§g4399§§§606080

0.00282427204255895904
0.00367616275894291200
0.00469898731907314112

16 0.00590584018301447296

' 0.00730617267761646208

0.00890478563478318592
0.01070092291349931840
0.01268750876431035520 —

20 0.01485057644139987840 '
0.01716893380830859680
0.01961418511740982400 _
8.022150078306436084320 e
0.02473769406056195200

25 0.02732738160877671360
0.02986905691870672640
0.03230924399368606080
0.03458371442646413440
0.03666937963516617600

30 0.03848619661702702080
0.03999905354911612160
0.04116950605355454720
0.04196728384459161600
0.04237150120084636160

35 - 0.04237150120084636160
0.04196728384459161600
0.04116950605355454720
0.03999905354911612160
0.03848619661702702080

40 0.03666937963516617600
0.03458371442646413440
0.03230924395368606080
0.02986905691870672640
0.02732738160877671360

45 0.02473769406056195200
0.02215097935643592320 -
0.01961418511740982400
0.01716893380830959680
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0.02986905691870672640 0. 02732738160877671360 45
0. 024737654800 %b95200 0. 02215097935643592320 0. 01961418511p4PR8a#{Nd72 -

0. 01716893380830959680. - 18- 98/ 07009 |
PCT/ US97/ 1397@8%%3‘3@&%‘@1@9?%&)9840 0. 01268750876431035520

0. 0107009229134109288%908Y 65d93298863478318592 5 = 0. 00730617267761646208
0. 005905840183DQ4A7QVL228 193HS3464031907314112 0. 00367616275994291200

0. 00282427204276089047858847831850R212758437199228352 0. 00156872083590591968
0. 00112856940 %Y 468964 57 55 70@A 6286884 7140532400 0. 00053901217722666664 15

0. 00035427612 i 4, 36822400024 0. 00013409289751968492
0. 00007548672 | % 40757193200 20 0. 00001

(®)

7739638851368 4 4 7758 0.00000081764524630121 Ker nel

coefficients fbPOSH 4 decimator filter are preferably: 25

Q. 0000044247681.082824%7 2042556868684 83248940121 0. 00000923764143759751
10 0.00212758437199228352

0.00156872083590591968
0.00112956940174060416
0.00079209847140532400
0.00053901217722666664
15 0.00035427612800655528
0.00022348636822400024
0.00013409289751968492
0.00007548672488844681 :
0.00003898240757193200 —
20 -0.00001773963885136871
0.00000698245451987758
~0.00000081764524630121

Kernel coefficients for the second stage decimator filter are preferably:

25 0.00000442476810646958
0.00000695183248940121
0.00000923764143759751
0.00000714413514201519
-0.00000492704497770928

30 -0.00003489048179858716
' -0.00009263530705114960
-0.00018905831520468072
-0.00033444730957182660
-0.00053626977796454416

35 -0.00079662003202712672
-0.00110972681566274544
-0.00146004062478959264
-0.00182142399675758176
-0.00215800240585865472

40 -0.00242694602625900160
-0.00258321531356594560
-0.00258595488430649824
-0.00240572194854850240
-0.00203154744227315104

45 -0.00147645851005435168
-0.00078021447557776288
-0.00000817274057693339
0.00075426709707067504
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0. 00000714413514201519 -0.00000492704497770928 30
.00003«@%@%&%@9859716 - 0.00009263530705114960 0 00018998%&%;&&4%?072

- 0 00146004062478959264

PCT/ US97/ 13
o) 0020578396%

. 00033444730
. 000796620080 047150785697 308464972681566274544
. 001821423006 TSTHIRE 052186285800240585865472
. 0024269460 0626508EN
.00240572k95§ﬁggﬁﬂgwqgg@4qg$§§154744227315104 45

. 00447645
O 000754267

7182660 -0.00053626977796454416

B803486888321531356594560

Dol 021447557776288
g B/504 138985 98/ 07009
@r

3571960413760 5 -

- 0. 00258595488430649824
- 0. 00000817274057693339

02464 0.00187095161052143488

0. 00148598692512453856

0. 00077606361391@7@2)2@@9820760@3%48433903324906 -0. 00102764898217807344

- 0. 0018407863684

- 0. 125678 7g62839578¥7 125188800

-0.00258787044696211360
-0.00234158106765920384
-0.00166505851114574304
-0.00063743956961237104 -
15 0.00059343304869999640
0.00182986089451760448
0.002854004 15538192992
0.00346436214815012608
0.00351321839727078272

- 20 0.0020384 1932540287360

0.00178313427507570240
0.0001 98749982’1‘52566%
-6.001571420838076768256
-0.00322673006618933952
25 -0.00445756082164491968
-0.00500041373054022336
-0.00469011227472791616
-0.00349953894849836288
-0.00155835813437617184
30 0.00085478554892281696
0.00334786697510189632
0.00547518370123789568
0.00681278906253363456
0.00703755587107394560
35 0.00599594663350389504
0.00374906069643158208
0.00058348227032761616
-0.00301740455601272832
-0.00644042362264125952
40 -0.00903974843802837216
-0.01024986518050410880
-0.00969588010450159232
-0.00728139494412460544
-0.00323617204253763328
45 0.00188855897383295168
0.00728184827350282496
0.01198668054361748960
0.01505134116424442240
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- 0. 00234158106765920384 - 0. 00166505851114574304 - 0: 00063743956961237104 15
0. 0005934 93480640 0. 00182986089451760448 0. 002854004 1538ZVOOA9T2

0. 003464362148 29499357 39727078272 20
0. 00293841932%: . 427507570240 0. 000198749982152566686
-0. 0015714293 §016080! 3006618933952 25

- 0. 00445756080.00833 59869997 efiAiy841373054022336 - 0. 00469011227472791616
- 0003499538948 4983623882 0330ANBBB5913437617184 30
0. 000854785548 30785650769 PPESAEBR697510189632 0. 00547518370123789568

0. 006812789%%?%@%5@9@4%9@@87107394560 35
Yol0Erd

0. 0059959466 9 006069643158208 0. 00058348227032761616
-0.'0030174045 0021 D44 2362264125952 40
-0. 0090397484 ¥ (174986918050410880 - 0. 00969589010450159232
-0.007281394 RN 7204253763328 45
0. oo189855897@3@2952@966066123ﬁﬁu827350282496 0.01198668054361748960
0. 015051341168200943280426247965824
0.00834468626759415936
0.03006335482259185280
0.05425620094049752960
15 0.07869841218265049600
0.10098866498628454400
0.14884306255675470400
0.13038232897640233600
0.13437210128885928600
- 20 0.13038232897640233600
0.11884306255675470400
0.100088664086284544Q8. ... . .
0.07869841218265049600
0.05425620094049752960
25 0.03006335482259185280
0.00834468626759415936
-0.00911189426247965824
-0.02114770650772032640
-0.02733379993624548160
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15 The left channel, comprising A/D converter 200 and deeimation filter element
202 connected via path 250, operates identically to the aboveidiscussed right
channel. A/D converter 200 receives the signal generated by the left sensor 16
over path 157, converts the analog signal to digital Ezrm-, and applies the digital.
value over path 250 to decimation filter 202 for the left channel. The output of

26 decimation ﬁlfer element 202 for the left channel applies its output signal to path
254 for further processing and for the right channel applies its output to path 256
for further processing.

The computations of the decimation stages preferably utilize floating point
arithmetic to maintain the compufational accuracy required. Subsequent

25 computations for the notch filtration, phase computations, At computations, and
mass fiow rate computations are also preferably performed using floating point
arithmetic due to the wide range of computational séaling involved with the more
complex functions. o B '

The anti-aliased, decimated, digitized signal values for the right channet are

30 applied over path 256 to freduency/phasé calculation element 204. Likewise, the
anti-aliased, decimated, digitized signal values for the left channe! are applied over
path 254 to frequency/phase calculation elemeht 204. Frequency/phase calculation
element 204, discussed in detail below, enhances the sugnal values. This process
isolates signals generated by the bending mode wbratlonal movements of the flow

35 tubes from the various harmonics, noise, and from the twisting mode vibrational
movements. The frequency/phase calculation elerﬁent 204 eliminates a band of

frequencies (a notch) centered aboutthe fundamentat frequency of the flow tubes
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PCT/ US9?&1333\35%tmg flow tubes filtered of most noise signals, is then applied to path 262
| as the output of the frequency/phase calculation element 204. Values indicative of
the phase of each of the left and right channel output signals are generated within
10 frequency/phase calculation element 204 and are applied over péfhs 260 and 262,
respectively, to At calculation element 208. The parameters (weighting factors or
coefficients and the debiasing- parameter) of the frequency/phase calculation
—  element 204 determine the characteristics of the notch, namely the shape of the
notch (bandwidth of frequencies rejected) and the fundamental frequency at which
45 the notch is centered. The parameters are computed by weight adaptation
elements within the frequency/phase calculation element 204. The calculations
required for adaptation of the notch filters are discussed in additional detail below.
Both the shape of the notch and the fundamental frequency about which the notch
is centered may be adapted to track changes in the fundamental frequer?c'y.“ The
20 shape of the notch determines the speed with which the notch filters can track
changes in the fundamental frequency. A wider notch provides less filtration but
may be more rapidly adjusted to changes in the fundamental frequency. A
narrower notch converges more slowly to changes in the fundamental frequency
| but provides superior filtration of the input sensor signals. lh the preferred
25 embodiment it is believed that the shape of the notch need not be altered.
Empirical data reveals that the programmabile filters are capable of tracking normal
changes in their respective input signals without the need to alter the shape of their
respective notches. _ |
The weight adaptatioh parameters computed within frequency/phase
30 calculation element 204 are applied to both the left and right channel so that both
~ sensor signal output channels are processed identically. Using a single set of

parameters applied to both the left and right channels serves to maintain the critical
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further procetermige theen @%ﬁtﬁﬁi"&?ﬁ'ﬁﬂ%’scﬁs ﬁeﬁé”"ﬁ@f‘i’r gfgfsc%'ﬂ@#fé fiaB| vy
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enhances the signal values. This process isolates signals generated by the
bendi ng mireguenty at he tengtivofa mindew detarmingd anumber o iligtenyrsycles ofdhé ous

T equatey MEHCBSs aRBt nhichRadien B baBibra it el Bel Bt B Pk Bty cs (.
not ch) cenl g o onks. | ke bXPSAEE AL tubk HE4BBAYY Ray! Bt pfddtUinide hto #He

electronics of the present invention at time of manufacture, or may be entered as

a parameter at a particular installation/application site, or may be determined by
operation of the flowmeter and appropriate measurements. The length of a window
20 represents a tradeoff between response time and rejection of noise due to leakage.
A larger number of cycles accumulated to determine the phase provides for
additional rejection of noise but requires additional delay and therefore slows
response to changes in the flow tube vibration phase relationship. Fewer samples
reduces the delay and therefore improves the speed of response to flow tube -
25 vibration phase changes, but provides inferior noise rejéction. Eight flow tube
cycles is selected as the preferred window length. as measbred in h‘c,iy.-cles.
Assuming a given expected frequency, the .preferred window size (2N) is
determined as: _ '
window_iength = 2 floor(3200/expected_tube_frequency)
30 where floor(x) is the largest integer less than or equal to x.
The Hanning window is represented as a vector of weights to be applied to

the discrete samples over the period of one Hanning window. Where 2N is the

-25-



VD 98/ 07009 | . PCT/ US97/ 13972
. Vvibratin 698/5 bendi ng node. The resultant signal represents all noise
out si de the notch centered about the fundamental frequency GTVPHE3NEow

tubes Vi busiberefidisdrete semplesgitiidene Peiripdnstithe Hardeg wirtddwiaRe Wighect ed
fromthe _signal applied as input to the frequency/phase cal cul ation el ement
204 over Idhe Ktbgisgietasample wheignk an®8tfrmnfmwcé[ﬁe1n@aﬁetemmeérasy_ and al |

noi se not filtered by decigmation, filter , : . The result of the
subtraction, which repr esg@s ﬁglf &??gér?g#?m Fﬁ@ ency of the vibrating
flow tubes fi A kaledindowsiinahebaditioh ®assortddS(wilhim tiPEbARErd MeBtds 62 as
the output of the frequency/phase cal cul ation el enent 204. Val ues

i ndi cati the present imveption) evayhNodistrede |satplasdwheghta chmpiete Hahpitg
signals are generated within 10 frequency/phase, cal cul ati on el ement 204
and are H’ﬁb‘?‘g’éﬂ’?@\/%ﬁam%SWrMp%&zgn?’ digargte samplesdaacsingle on
el enent t Is ' act olr Iy G and the
Gebi asi nboHo oL pARIGHER difcusetB iR delditbolat rBlelind ip SRRIE! EPERIR RG0!

det er m nevemappihgr Hahrings wirdowy. tiheaddition, aned@nter Masiableale.gof nhhfgnot ch

- (bandwi dth of freguencies rejected) and the fundanental frequency at which
15 the BOMPNDwithintbe methadrolthepresentinventiond cpunisthbysaneplg munasiemt at i on

 car o P e Wi pip<EHY RraR Fariho Wintion (.6.48 & anadule & Binetiessed i n
addi t | onbrfiFicaL1 b eTRSARPRO! dtriteARstiable IiforfBhE WRNThd Biodeuafiansn! a

frequency about which the notch Is centered nay be adap K~ 'changes

~in the feaclhepmarded sagplerfoom tié freGlenciphaseddaldutatiornélemeta 2eum ywhent he
speed wi h%ﬁh the notch filters can track changes in the fundanental
frequencyA eaachescN-Hihs nexssaple valuerrgsetsnSHMPN@ton. nthe halfpi dry

adj uste ' A narr r _notc

canver gcej‘gmr?oor%gaélg%\f\f 9H?%$@Pléa§n%g@gfﬁﬁ‘ﬂgﬁ¢ %ﬁ’gg%gﬁeéﬁg Pﬂgaﬁﬁaf‘)bdf‘ Povi des
'supetsor pigbirgdt eabofimeht ofn i . thien f 2
--___.engodi rrefr)\t it i 'seb_el i er\'/]ed tdha}tmgt h%égﬁggéﬁ%%?lﬁz tr?ck?t cshmﬂggﬁ?ngéﬁ@gr a?t ered.
"Enpi r i campiemgntas iggoftwang whichecqurds themumber pf diserate decirmatedidampibd

R e e N R I M
oL, S PR AR 0TS lred 818 RS S AFRRer )¢ o
out put chimfuactioneither ica soliwareldesigoairiiy equivategt eirsuibstrectuegs.of par anet er s
' agg'ﬁ& d | to bo'i‘tbets?gena{l %L%pefgsd a {h%hédgcgsag galxc':sh %?r{d\g% a}eogivrrgin%%iep wtz-z?geht(s:ri tical
than those toward the middle of the window. To more fully utilize the available
data, two Fourier calculations are done simultaneously such that the windows
overlap by one half of a window length. New Fourier phase measurements are
therefore produced for each channel every half window of samples.
25 The use-of a constant window size in the present invention allows the
~ Hanning window weights to be pre—com.pUted before flow measurements begin.
When used in conjunction with a discrete-time Fourier transform (DTFT), as in the
present inventidn, the window size determines the sharpness of the frequency
discrimination characteristic of the DTFT filter output and thus the rejection of noise,
30 - pseudo-harmonics, and leakage. A longer window size provides slower response
of the filter to changes in phase. The window size as determined above represents
the best known approximation suited to balancing .the_ competing goals of improved

-
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20 received from element 204 via path 266 to determine the mass flow rate of the
material flowing through the flow tubes of the Coriolis flowmeter.

The Fourier component (a complex number indicative of phase) of the left
channel (received by At calculation element 208 on path 260) is multiplied by the
conjugate of the Fourier component of the right channel (received by At calculation

25. . element 208 on path 262). The angle of the complex result is then computed. This
phase difference angle is divided by the tube frequéncy of the bending mode
vibrating flow tubes (received by At calculation element 208 on path 266 and
converted to appropriate units to match the phase measurements) to produce a At
value. The At value so determined by the At calculation element 208 is applied to

30 the mass flow calculation element 290 over path 294. The mass flow calculation
element 290 determines the mass flow rate of material flowing through the

flowmeter in proportion to the At value applied to its input path 294. As is known
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-26-20  vibrational movements of the flow tubes from the various harmonics, noise, and
from the bending mode vibrational movements.

Frequency/phase calculation element 204 determines the fundamental
frequency of the twisting mode vibrations of the flow tubes and applies that
frequency to péth 264. Similarly, frequency/phase calculation element 204

25 determines the fundamental frequency of the _bending mode vibrations of the flow
tubes and applies that frequency to path 266. Frequency ratio and pressure
calculation element 212 receives the frequencies so determined via paths 264 and
266 and determines the pressure within the flowmeter as a function of the ratio of
the two frequencies. :

30 FREQUENCY/PHASE FILTRATION METHODS:

l The frequency/phase calculation element 204 of FIG. 2 is adapted to

enhance the signals generated by the left channel motion sensor and the right
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delay so determined is used in conjunction with the freguency estimtes of
the flow adaptetioneampwiatiangd elemenis te adaptdhe vagevs digitel Bitarete gbangesin vi a

path 266 }o det ] . . At er.d ] gh
Phe 11 ow TAipBhREnfTae teflafics. “thd Wi frors B RASENGLDT
nunber i ngj gamhivapid comasTgened of the fiiek pasdraBnst in Fesponeedothafbes a td ati on
el ement 208 on path 260) I's nmultiplied by the conjugate of the Fourier
conponent cefiter frequegby of thenrasipectiee Slitersavhile mamia_‘rmg highbhaceurate digitat 208
on path 262).. Th$ ang] e of the conplex result is then conputed. This phase
di f f ef@ncBitatign ot the lgl'\ag%d by the tube frequency of the bending node

vi brating f'Oeri g&ﬁéraﬁ-,raeﬁs{c\a_eﬁhe%abﬁ{ z]zMi&@k@ﬁk@ﬁ%ﬁ%sﬁi&@@ko%%ﬁe&“‘lowt h
266 and converted to appropriate units to nmatch the phase asurenents) to
produce aQPpis kisedainueonjiihetiokt withl acfasb conjugate weadibpt (REGAt algatithmh dof on
el enment 208 is applied to 30, t s flow cal cul ati on el enent 290 over

path 294. adapiingibe qqeéfwiwﬁaﬁﬂb; tgr. INERmbingEon & AsRirpieEedde Nereis as ow
o e honh SEOR S TR FOGHER sl ds b RIS GoRHIR RN Ut ighe 1
20 sensor channels and rapidly converges to an estimate of the fundamental
frequencies (both-bending and twisting mode vibration frequencies). Digital notch
filters and digital band pass filters are then adapted to center on the estifnated
- fundamental frequencies, derived from the FCG digital processing, to enhance
each of the two fundamental frequencieé. The recursive maximum likelihood (RML) -
25 algorithm is then used in conjunction with digital filters having a narrower frequency
response (so calied "high Q") to further refine the response of the digital notch
fitters and band 'bass filters thereby enhancing their respective input signals. The |
RML filters accurately determine the bending and twisting mode frequencies of the
vibrating flow tubes and applies these frequencies to output paths of
30 frequency/phase caiculation element 204 for further processing by pressure

calculation element 212 of FIG. 2.
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art, the SS ow rate conputations nmay be corrected for ¢ erat-ure
vari ati oﬁg@ﬁo@@nse_d by sensor 22 and transmitted to nmass ~'-§9%I ation
el ement 290 vilmagditibon 1. beruingetiefftenuensaies of dioth theneft dnd righstcHanme!
cal cul ation elenment 290 is 5 further corrected by the pressure neasurenment
val ue apsensdr eutput sionalpuas pabancesbby theedigiial Eitration wilb freguenegha@se t hen

corr oot ol Blard g e ! ot & (Rbe b BTED e elithélt 204 06 | on

to the dehgkHl gg&%nﬁéntrﬁiﬁﬁpﬁtb%é.a%afs@%mé@_ob%ﬁ@'iiéfﬂaﬁﬁ%ﬂ%ha‘ﬁh@f ation

of the flowtu (as summari zed above), the tw sting node vibration of the
f | ow tSubsenssr oatput Isjgratspatraspanding dothe dending modesdbrationsietdhedlomnt ati on

2 d ' h it hi he fl er. d ab
o1 essur o Wb a% AR ARRICHI 6 ARG Pas OhinedteavenEVRhaRe ol RIeh lament 204 o

t ' i I i-nst tati 24
157t her of g Erneb ArisSEY 5y AP ALLERB cldinbft 208BEFIC 21 15 one. sunmari zed
above. TEREQDENCYPHASE eFILTRAFION ONMETHOBS! and SUNIDIRFERERCE ar e

applied via paths 254 and 256, respectively, to .frequency/ phase cal cul ation
el ement PREBERREDR MQBE: above. Frequency/ phase cal cul ation el ement 204

Sl ondBs gener HIGa byS AR HisudnmsiRstobing, defals 3 dné EoaientlrtAse ne
flow tub%a‘chiﬁﬁht&éméﬁf%g&sﬂae% &ﬁﬂ@%?EF%%ngg@ﬁfﬁl%ﬂgtﬁ;@sé@de

vi brational novenents. equenc ase calcu term nes

t he fundeymmna dbumvdiffersmce” ofethbe dhiscihtimg the dendingr mbdendbratiohindiideddv t ubes
and applies that frequenc tgg{)at h 264. Sim/l|arly, frequency/phase
cal cul at signais eeegived frprpthe andright chaenel sRNEPEh PRI Pathe n%ﬂ)d 86t he

bendi ng e Vi,hratl -} : engy., to

path 206 Esesdyal: o e bubctPobed HsthGpaa yARBNSEind bRl SREARCTRE o0 (1
= 1 eqYENCispn/afereicy MdtRed WisksPiheknator s@ﬁﬂnéﬁ@smfﬁebeﬁ@hgeﬂﬁoﬂé%ﬂﬂ essure
WwWithin the flowmeter as a function of the ratio of the two frequencies. 30

“FREQUENCYwIstingEmBde Tviprations NesepasateTihe twe yiksation shedes fam thaisighgll enent
gggnﬁ; F:;;%Gg?igﬁc'j 3@?& ts t{a)rﬁci'ﬂtﬁsgh eE gfgi_sﬁhg r}\:‘i‘cl)cfe 9%?&%0‘%;& gﬁ)é ﬁohﬁ tlljgefst

appear on the left and right channel sensors substantially out of phase while the

bending mode vibration of the flow tubes appear substantially in phase on the two

20 channels. Thus by summing corresponding sampled values from the left and right
channels, the resultant Signai is strengthened with respect to the bending mode
vibrations while the components from the twisting mode vibrations are diminished.
The summed signal values are said to have a strong component in the bending
mode vibration components. Co'nversely, the difference between the output signals

25 of the two channels (left channel signal minus right channel signal} has a strong
twisting mode component and a diminished bending mode component. By so
separating the two superposed sinusoids, an estimate of the frequency of each
vibration mode can be easily derived for control of the various digital notch filters
and digital band pass filters used to enhance the signals.

30 The left channel sensor signal values are received on path 254 in FIG. 5 and
the right channel sensor valués are received on path 256. The two values are

summed by summing junction 504 and the resultant sum (also referred to her_ein
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channel nowo®smssmasor attached to the vibrating flow tubes pﬁmsshmgez of

th tch ) th th t.gh f t
[ f equency 1L TR ﬁa%t'?dg?@aﬁbﬁﬁ 2 53 Ehob B BRI e IRaiRB SBna i o
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enbodi nmen sent ape of the notch I n ,
vari ous naefemred tbthmeir( as &:-R) ttst&ppmedctb path:lSPiOoﬂ’ heasgndl suthw i0¢R) isreppliedot  be

xpect Ceidi over reih 55485 Bt el e rad gL G Pites 5 & Wtbhgouably ssmatena
of 7165 2. ReiRHE) BF e eenelne MBIV ERirk, 86 e BphiBes2 " Thhii dbe "2 10

net wor k Ofestth%é?dcmtechué itd ttft-fl‘écl%f’ﬂﬁ'aﬂbﬁ%'ftﬁ@%u?@@%a 'théweetfmaﬁsfﬂﬁf

with appropriate adaptation conputat i onal el enents to adapt the various
di gital flelstlmateconmdxmgeapld!y intresense toochanged indhe bendihg modgwibraties. The

various digital er re cascaded to ermt on ce of the
Vil ter parthauBary Theteobin D53 Heaunnge Brimatest i ot 5 14 hep pplienc
respecti V?oyaltﬁ SF whi |l e mai ntaining highly accurate digital 15 filtration
of the si gn: n"general, a notch filter having a wi de frequency response

(so caid ed "I oWHe freqeenegaestxmatwjam@mpnteu b the FOXG iRNRNAAFiRed! AFé ent
(FCG algorithmfor adapting the coeff|C| ents of the filter. This

conbi nat i cepreseaiesas afiaquency 60ﬁ@ﬁ=@nﬁ ‘sredated fothe freqeency asén thedfonm: t er
processes incomng signals fromt z gréiﬂsght 20 sensor channel s and
rapidly converges to an estinate f 80? it ntal frequencies (both-

bendi ng apghdrdiupisitig ffélﬂ!n@nléy Ehétﬂg%‘tﬁé @aemesfs}amatrgg ﬁ@ft%dt OfRésd valgs s and

digital band pass filters are thén adapted to center “on the estimated
f undanent are fin ¢ domn mcedsarwtedune dhe Meoﬁd:@rdergnmtah ancbbandipass fillers
enhance each of the Qj{)?"‘gﬁ nt al frequenC| es. The recursive maxi mum

| i kel iTRoodSeRiAth ezye %ntmgtﬁté apd the embpdinentst FiG: 6. theyusel

filters h 0}

further v oS B WSS ind FEQUEREHeES RIS plaof A, Eomplk:igBnanistie
filters tbone@momhanm ng their respect ive input signals. The RML filters
accurately deternmne the bending and tw sting node f{requencies of the

vibrating flow ﬁ‘@lﬁgnﬂlﬁﬁ%{ﬁﬂp@»ésﬁ I%%@'Bﬁélﬂ%ﬁéireﬁ-/(@@ BGtQBlﬁ“%&"ﬁs Be 30
‘;;ﬁgﬂfgf ,ylgfa?’%f g’ﬁ%ﬁ%&%ﬂz ﬁoﬁgﬁg strohg rfreégenéyoéomﬂéngrﬁ SMSHHg Hode FifSsure
20 flow tubes and has a significantly diminished frequency component in the bending
mode. Notch filter 518 is set to notch out the remnants of the bending mode
vibration frequency from the L-R signal applied to its input. The center frequency
of the notch is supplied as a parameter over path 560 from the estimated frequency
generated by FCG filter 512. The isolated twisting mode vibration component of
25 the flow tubes is applied as output from notch filter 518 to path 568.
The signal sum L+R on path 554 is also applied to the input of band pass
filter 506. The signal sum L+R has a strong frequency component in the bending
mode and a significantly diminished frequency twisting mode component. Band
pass filter 506 passes a range of frequencies centered about the bending mode
30 frequency estimated by FCG filter 512 and applied to band pass filter 506 as a
parametet over path 560. The isolated bending mode component of the flow tubes
is applied as output from the band pass filter 506 to path 556.
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addi tion &?}7 ndi ng node frequencies of both the left -agd.ri annel
sensor om&p_u Qﬁgnal_s, as enhanced by the digital filtrat Pg:ﬁhé#%ﬁ’%?
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descr bbi cgnteefrequency panemetes joeneichdiites $08aand band pass|fiter 5202 0Motohs

depicted_in second order digital filters are used w.th

“sunt d fﬁ'@?fegé@”ﬁ%?’ %}Ce?s‘g?éﬁ'}‘@‘ga HE’J&e‘EBIT‘Ha"?HH@C?EVSF’aW &ath 586 ed
signal s | ef C ' - and
250, 1 ossa AR bassTRel 500 b HotcHite bRy Bne SRE0 T GhBRAHC

si gnal s. intthe elthancedisigiidl e Bandepasy filtet SE0efurthbe elhantessthentistirR mdidet he
bendi ng node and tw sting node vibrations to separate the two vibration

nodes f r epmpeRentirgaaived rV@:B?M%ﬁoﬁh@%hfWﬁgbigﬁﬁfimﬁ@m\fﬁeguiengiq&)de

S ubs TSP ind e it B ARGRH aBELHE efinbieinG siibling NI pLBE o
tubes appaRtube®siavthed Words) thé firer @ﬁahhébﬁﬁﬁﬁ’si baﬁB?Eﬁr'EiﬁgﬁltterTﬁ%? ﬁi"?"s e

summ ng correspondi ng sanpl ed values fromthe left an C
r esul t annoteh dittet 508 epharces therbending modeyitration freqbendeookinpgnentiin the

i i o s rana st L SREPE AR Suait Sempfsingiiich BB andbanmbacs MRsent i n
dim i srs ! : , : t
Lhe out peaDefMiricas e WishiR ARSTRONEGchoy cOMISTRRt In th Sorfdl WiMEhERGeLIE WO00,
chant®l Afl diitety irhthese Sitercchpins506,G08IENS, camb 52@Narea rabidlycadapted ted

bendi ng node conmponent. By so, separating the two superposed sinusoids, an
esti mat ecfaﬁngeﬁénm%ﬁa%%é%% Otefiewﬂwsna P%tuﬁ’ﬁﬁe?YcFégG e 812 ar@$14ied for

Coed to ennantnd BREALE SuioRrdh dohly drabEadRf Akl b HreRBBBVET SRl | Ll s
are recei ved on pat 2/(2}540(@) Fhink-9) angkidre odygns 3meld) sensor values are

1) C&
received on path 256. The two val ues are sumed éy sunmi ng junction 504 and
the resuvbene U iithe iapybsampls, vdd the enbanced ogtput sample, a is the debiasing

20 parameter, and a is the adapting coefficient The defining equation of all second

order band pass filters is preferably: .
y(k) = (a-1)au(k-1) + (o-1)u(k-2) - cay(k-1) - a’y(k-2)
The defining equation for the second order band pass ﬁlfers' may also be described
in equivalent matrix form. The matrix form is useful in the description (below) of the
25 FCG fiter. For p unknown coefficients, X and A(k) below-are p by 1 vectors. The
‘matrix form of the second order band pass filters is therefore preferably:
(k) = A'K) X + (o2-1)u(k-2) - a?y(k-2) where:

X =la] . AR = [(c-1)utk-1)-ay(k-1)]

The FCG algorithm adapts the coefficients of the band pass and notch filters
to tune the filters to changes'in the frequencies of the vibration modes. This

"

30 algorithm is chosen because of its fast convergence property, numerical stability,
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L+R) is aRpdhbeghobs Path 554. In addition, the difference bepepsyiagrnt wo

signal values I's conputed by sunm ng junction 516 and the resultant
di f f er enc @ngdatsapytationalstphilty scampared to riherdkngwn. iexisting glaenthes. Thae

signal su R0 i . Dat | t ' FCG
fifrer sirGeascrBrARsbEInR EeRRLS mrinkBAlehel BRI ke R b e

Vi br ati on;qabtdd1eThe @itdriiestion'®absdd i Matrixieh® ik préfevstsly: due to the |ack
of filtration of the input signal, the FCG filter 512 estimte converges
rapidly in response to changes in the bending node vibration frequency. The
bendi ng node frequency estinma f. REG {d-k}ar _ 2is then applied to path
560. 10 The frequency e"té?(l"ﬁat A élsl(}%:@npa"'g(é)d by the FCG and RM.
filters, are represented as a frequency coefficient "a" related to the
frequency as in the form a ='-2 cos ([err] T[err]) where [err] is the

f requency vaite M(P'is kcalchldtee Wittethenmbstiiecentebeffigiamt X 0d ThéRCE algbhten ar e
in the formnecessary to tune the second order notch and band pass filters
15 usé&d imay he compaued by tbatfelinwingisebof squatiosawhetathecstptingwaluesare| G

6. The use of, this formavoids the frequent need for conputationally

conpl ex tlaisde ric conversions. The signal difference, L-R is applied
over path 570 to notch filter 518. The signal difference L-R has a strong
frequency conponent in fhey HpWigti Ng O = flow.tubes and has a
significantly dinini she%“hﬁ'gduéﬁ'%ﬂgégpn‘bd%ﬁ'cegﬁt k?ﬁ"%’gdedbeﬁ%\‘lfng nmode. Notch
filter 518 is set to notch out the remmants of the bendi ng node vibration
frequency fromthe L-R signal applied to its input. The center frequency of
the notch is supplied as a paranmeter over path 560 fromthe estimated '
frequency generated by FCG filter 512. The isolated tw sting node vibration
conponent of 25 the flow tubes is applied as output fromnotch filter 518
to path 568. The signal sum L+R on path 554 is also applied to the input of
band pass filter 506. The signal sum L+R has a strong frequency conponent
in the bending node and a significant]y_dim nished frequency tw sting node
conponent. Band pass filter 506 pass@s:QnFange of frequencies centered
about the bendi ng node 30 frequency estg(’gg;,ed by FCG filter 512 and applied

to band pass filter 506 as a paranet¥ar- T path 560. The isol ated bendi ng
node conponent of the flow tubes is ap nPed as out put fromthe band pass
filter 506 to path 556. -31 - XKoo =X,+Y, 9,

Qnﬂ =AQn+An+1A ,n
€ne1=Yne1 " Upe
gn+1 =A(gn +_ann) +en+1An41

/
_g no1gn+1
. B"— !
g ,9,%¢
if “gno1n2 > ugnH2 . then dn+1=—gn1—1 else dn¢1=—gn+Bndn

In the above FCG algorithm, for use in the second order FCG filter, all the

10 parameters are scalars. For filters with p unknown coefﬁcients, Q,isapbyp
matrix and d,, g,, and X, are p by 1 vectors. The € in the eqhations above is a
small value added to avoid the numeric problems of dividing by zero in certain
cases. So long as the value is small, the performance of the algorithm is not
significantly degraded.
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“fil'ter 514 receives on path 568 the isolated tw sti-ng node conponent
gener at eWORPWch filter 518. FCG filter 514 estinmates t RETAUWEIPWY node
vi bration frepye g’ﬁ?ﬂé' Sl j ut .
This estimte of Fte?em% sti nhbtéﬁoaéle l?ée'gdgggr\géﬁnéé? dﬁﬁfé"?/;ﬂ_tgrag? ?%%E?ngvget?ubes S
r ecei vedheifieqpanty btheawtcinand bandmass fiteesreferoad fraabows.eThédrequench il ter
508 and band pass %ilt,er 520. Notch filter 508 further enhances the bending
node co Hliﬁg i$ deleIREY RS path 566 from band pass filter 506 by notching
out remants of the tw sting node conponent in the enhanced signal. Band
pass filter 520 further enhances } hest\\#&R)ng node conponent received via
path 568 fromnotch filter 518 b)ft' | ing out frequencies 10 other than
the narrow band centered about the estimate of the tw sting node of the

flow tubes. In other words, the filter chain conprising band pass filter

506 and notch filter 508 enhances the bendi ng node vibration frequency
conponent in the signal sumL+R while the filter chain conprising notch

filt 518 anghdai i ( St ency ——
component i n (P AT e MiSCin Bt PRt i S HER bR C

chai ns (6@6re5pénding RMiafilers2)0 aneé 5220 doynmdepticre dozucdterastingtes ofie
frequencjes of the vj braéig&g_f | ow tubes by FCG filters 512 and 514. The

def i ni ndh@headinghmade-an HRG medR Vibratidmreauengies pkthe flewtabes. 1y (k) =

k) + - + - 2 . el .- - ) IS the,i t
sanpl o, Ppricutgr, anggnftdnced Bslitibte Srthe beffibh!indug) biich, tolrbaa et or
and a i gengpatedons ithe ougsitiofoisith fitee 508 Hppie 49 RMLTIRr 510 fordi@nd or der
band pass filters is preferably: y(k) = ([err]-1)au(k-1) + ([err]-1)u(k-2)

- [ &0 ] Srpauenpy -estisnation k-Similany, éw ienhapced, estimate fafr thehbwisting miode der
y

D20, D2 BB S 554 Bk B S e B bl ™ oy
=P U”k-”o‘ﬁ&ﬁF &R foff ?meqﬁeﬁgg e‘éﬁimatﬁbﬂ. Oha BV flterd B48CLAH §2¢32rT§Eq\);?/@é rx

_formof the second order ba pass ters is therefore pr y(k) =
~A' (k) Xstpéfierfréquonoylestiinates of theyr(respectivedinput sigralsddecaudé kheirFinputs :
[(a-l)u&é—l)-[err] (k-1)], The FCG al gorithm adapts the coefficients of the

band pad@vanbeepeihancet by fitgrs o elimipate ppesiatedoand dinslesirphle gignal

fre ng| f epyd [ e N | ' use of

S SORpeRlenk PO oA v U0 ARGAATY eRO Hirds
method are cbviated by the enhancement of the signals supplied as their respective

inputs.
The RML fiters operate in accordance with the following equations specified
in scalar notation where the starting values are p(0) =0, $(0)=0, e(0)=0, e(0)
20 =0,u0)=0,2a(0)=0, and 'the first N values of a are initialized using the frequency
estimates from the FCG filter then computing: |

y{n)=u(n)+u(n-2)-ca(n-2)-d(n)a(n-1)
_ p(n-1)x*(n)p(n-1)
= -1}~ I A
p(m)=pn=1) A+x(n)p(n-1)x(n)
a(n)=a(n-1)+p(n)x(n)y(n)
e(n)=u(n)+u(n-2)-a?a(n-2)-b(n)a(n)
e (n)=e(n) -0 .(n-2)-ad(n-1)a(n)
ugln)=u(n)-c2u(n-2)-au(n-1)a(n)
d(n)=~u(n-1)+ae(n-1)
x(ny=-ug(n-1)+ae(n-1)
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and conputwiiggpedoest ability as conpared to ot her known, exi $chngsy13972
al gorithns. The FCG al gorithm adapts the weights to m ninm ze an error
function of the filter to be adapted. The error function expressed in

trix f ' f ; L4 | Yooy oS, n 2 d Wit
Tecent coef i oi NP GEORPY ek Wit $hoad idsuench &ig Bl atblieh iodftt
fol I owi ng gafuesffrefitpddquiyidiRise daiculation elatgentel0es Speeiftally OtHeoWssting! I ]
--f[-err] if [err] then [err] else [err] In the above F al ?torlthm for use

i n the secowdledrenuencyoftie flew tubgs genrrateyl psiputat of RME éiftec 822 1is applied
filt i{h fficients, . ' b i d :
ol et } lsv“ RBior S5 B B prasesiiie o Bl Iﬁff ?eﬁ?z;éu_@o;ﬂ%&rﬁsh%ﬁ&v B | 5
a small va 3 n
certain ooy ERESPehBreRddiar S UITIUL TIeY B0 BpRledto AtPI6E YoriRlRe!

al gorit hm peoogessingi. gni fi cantly degraded. -33- WO 98/ 07009

PCT/ US97/ 13972 The FCG filter generates. .a.frequency estimte on its out put
used to center thadditiepdacisolationnel ik densding yersHs Awisting) made—asdethesd to

o i he tw EEEAtETaPineR hekchve RedFerrcidh. YemuBRey afesd rluiayon eiehen 2041
cor r espandpARamPds ftbét@émﬁéomaag éiéﬁalsoftfroéﬁﬁhecﬁﬂﬁrfél%Cg?é\ltiiﬁ%eﬁédﬁfees of

t he bendi ng node and tw sting node vibration frequencies ow t ubes.
| n parti cusiausoidbksignaldnputdsabisas todhe pbase kalcolations gerfocmed ibyrGoertre! filter

conponent gener at as the, outpuyt of potch filter 508 is applied to RML
filter 510€ledent 348 i’bpaﬁf@xﬂgﬁ& §'E"i‘9rﬁ'i'¢‘§ﬁ1f’eSPﬁW3éPP§lfn  gesprindy
estimate o 55 ;1 ' ' ut
o notch £ M5l s SpRT Oyt R o8 R eRES rldERRE R pFargieh 85 aeb
esti mat i onpotthefilfs 500tand 5240 Binhilany, e \Hetdiriy pesde frddg néstimate
estimates of their respective input signals because their I nputs have been

enhanc#d hgeneratast by RMLeb10isappiied over pathdbthas theoeanterisequenayrparameter
to adapt band pass filters 502 and 526. The unenhanced signal from the left
‘channel received over path 254 is applied to ndtch filter 500 to eliminate a notch of
frequencies precisely centered about the twisting mode frequency estimate. The
output of notch filter 500 is applied over path 550 to band pass filter 502 which
20 passes a narrow band of frequencies precisely cehtered about the bending mode
frequency estimate. The output of band pass filter 502 is applied to path 552 and
represents an enhanced version of the bending mode signal generated by the left
channel sensor. Similarly, fbr the right channel, the unenhanced right channel
signal value is received on path 256, applied to no{ch filter 524 to remove the
25 twisting mode frequencies, then applied over path 574 to band pass filter 526 to
further enhance the signal by eliminating all but a narrow band of frequencies
precisely centered about the bending mode frequency. The output of band pass
filter 526 is applied to path 576 and repreéents an enhanced version of the bending
mode vibrational signal generated by the right channel sensor.
30 The responses of the various filters depicted in FIG. 5 depend upon the

specific parameter values chosen for the filters in accordance with the defining
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filtrati d are obviated by the enhancenent of the ppti ed
as thei r‘]wr9 spective inputs. The RVML filters operate in acé%ﬁﬁgdﬂzlé% th the

fol | ow regjuaiioasigiven speee.f Eoupericat shidies havefound tvedokowing \wlaes tobeval ues

are p(0) , 0) =0, [err](0) 20. = 0, u[err](0) = 0,
a(0) = ﬁe&gMeBﬂ&’ %’g’f‘zﬁ me‘?ﬁégg!aﬂ aadé‘ﬁ@tf"]ﬁéw?%ﬂ”?ied usi ng the frequency
estimates fromthe FCG filter then conputing: [err] -34- WO 98/ 07009
PCT/ US97/ 13972 The bhendi ng and tw sting node frequenci es are then applied

as outp rwes fTyig f requency/ phase cal cup ad enent - 204.

Specig i the 444 éFdé?th@agﬁltérr equency Of= ow tubes generated as
out put (gcé?l\/L f| I tfﬁdé apél to p t_ 64 for further processing.
I n -addi g‘JJP th b%}éj rEch eggtency of - ow t ubes generated as

out put filt riogn o pat hi® 2 f?sfor further processing. In
addi ti o3 i sol atZ’B:ﬁ t"l?éc ] ng ver susCEQR node and t he

esti mat iZd® of t hei4nd exies Rl @daptiveditet es, dFBQ@uéﬁgﬁgphase cal cul ati on

el ennt A 10 erfrahortertfCG adagtivg fillede sa90ﬂ1$)\£ojggeach channel to

provi de gygcur at e Qﬁ&éﬁéﬂﬂ:@'ﬁé@hvé AR VadxHG%Tt f=triog-phase cal cul ati ons
nt_528. g tlcular the tw sting node

]Loerformgj‘sby Goer t7fy] ofder ik I

e gg‘ Pl G i o i
the cen

Si ni | ar 1382 t he be%ﬁgr‘{% g Bgﬁ% ®st | nﬁt‘ggfsk ég;@r ated by RML 510 is

appl1&d r pat h 4uhordernetch- i rerfrequenc‘?‘@&gameter to adapt band pass
filters 8262 and 525d grder basdipassditesi gnal &F088t he | eft channel received
over path 254 is applied to notch filter 500 to elimnate a notch of

frequenci es preC| sely centered about the twisti gnrmde frequency estimate.
The output ofl hoephanced dending modgpsionaly fwm’% & lefb@ndorightnehgnnst i | ter

“the bendBmeomstE pPlad YRAGK 5P R S7en FEBHERGY p M GheRat AR bERFE 521 <

.-applaced cafoutatidh éfe?némdszsprvﬁermﬁeﬁbtem@rme& régsive 9 thefbdriting engieg node

signal generated by the |left channel sensor. Simlarly, for the right
_channel freguenay@stimate viar patht56hHomaRMLi fgtealswaanmbdetsrmm&é;amnamt h 256,

Do RS By b Pt R b S bl s FOES MG =
Goertzel filter applies weighting values to each enhanced sarmple and sums the
weughted values through the number of samples required for one Hanning window.

25 The Goertzel filter computations are performed in parallel for each of the left and
right channel sensor signal values. The Goertzel filter calcufations for each channel
sensor value resufts in a com;')'l'ex number indicative of the phase of sinusoid
represented by the channel's enhanced signal values. The resultant complex
numbers indicative of phase for both the left and right channel sensor signals are

30 applied to paths 260 and 262, respectively, as outputs of the Goertzel fiiter phase
calculation element 528. _

~ FIGS. 7-9 are flow-charts describing the operation of DSP 1200 in
performing the sum/difference filtration methods. The. methods shown in the
flowcharts of FIGS. 7-9 present another view of the functionality described above

35 with respect to the block diagram of FIG. 5. The fiowcharts of FIGS. 7-9 describe
the architecturé of the software operable within DSP 1200. Elements 700-720 of
FIG. 7 describe tfie operation of a first phase (first stage) of filtration within
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further enhance the signal by eli m nat i ng all but a narrow band of
frequenci geo pfigpbsel y centered about the bendi ng node frequesgisse7higr0ut put
of band pass filter 526 is applied to Fath 576 and represents an enhanced

versi on of fnelquebsmlmhﬁgerﬁaé@ﬂ%trwiem 204 g mIpagisidara tlig fisst stage mrgyides-
h | f |
F1a e depBotmiasen using EGR Ml ARRAnERmds, of Ayt RHluhbiaf fkBRbibgde' I\

accor dance ritiorl Req@ehtiBs Ng’ he3feG filtrAMR rOHeBYEP Brovides a rapid estimate of fhe
PCT/ US97/ 13972 equat'i ons 1ri;’even above. Enperical studies have found t

fol | owi ng mlquesctes pivenf thecsumidifigrence ysikees compuited droradhe l@ﬁa‘é‘rﬁmr@m

frequenci e rs b

2nd ordér 2banRel spaser outblfvalues; Flements 322-742 of IG! B dHEEHBa 7 355380

2nd. or der - RS e Aton progesEifa 8 K 1906 Thelier bl st g R 102

filter [Qéhh éWd twistin ﬂ@q&@n&@esﬁrﬁates provrdelf? thiedfirst Etageatipgidhy @se
filter [err err =0. 99 order FCG adaptive filter

[err]=0. 01p0f peﬁch]ﬂltersa asa!a)ass fi lters an@ RédlaEitration enethpds.ckastly, ele[reemtrsi'etzt%

2 tive 1 TPARPERS DA BR°Sldd-8 ahihg) afs Risig freqyapcidhifh Brelfde ™"
filter 49 thﬁ&%mgni??lmn of the 8f%ary dRyht hHhneRSENbb} okputl @?Iﬁ]as,otc?g

The enhance Ing node signals for both Ieft and right channel sensors

are appl i edonipute préssure avithinl ther Goriokis pfett maby flowmeter abaktol carhplid amd
phase 20 calculation elenent 528. The Goertzel fjlter aI So receives the

bendi ng no@errectguBAsy flowt rataigiven the apansed sigpal yaluesifer the efoand gight

arpl o, Adhndy S, o8 R EREh B ekl 856 KUt Bk MRAURRIGE 0T,
each enhangpsinsrarsthge dopicisdh FIGEOWAilizds 5pfehsme vTahIeJauﬁtﬂltH&ma@wara&i

sanpl es required for one Hanni ng w ndow. 2 The Goertzel filter
conput 46i owaluarso ¢emed feéccqntrob@frtael sytecifisrapplication prmsSef t and right

h I ' Th t zel t I ch |
channel sensor Elment <2 taiteless B4, veranlsmbeernth dRpATe BV HirgieRe o
g'o%sg'xd r eaﬁra%%ﬁcﬁré Whenthe fm@ehtrﬁn@rr fwm&ﬁaﬁbwaietaﬂuﬂesmamﬁer Rl tant

frequency estimates are outside a desirable range. Itis known that RML filtration

computation techniques converge poorly to changes in the input frequency when

20 the estimated value falls outside an acceptable expected range. The variables are

' both initialized to a count of 100 samples to delay the RML filtration computations

at the start of the filtration methods. Until 100 samples have been processed, the

FCG filtration computation producing the estimated bending and twisting mode

frequencies may not converge on a stabilized estimate sufficiently accurate to

25 permit use of the RML filter for final enhancement of the frequency estimates.
During this period of time, the frequency estimate of the corresponding FCG filter |

is used to initialize the RML filter. This feature of the present invention forces the

starting point of the RML adaptation to be near the correct frequency thereby

assuring rapid convergence of the RML adaptation. Element 702 is next operabile

30 to obtain the available left and right channel sampled signal pair. The sampled
signals are applied to path 254 and 256 as shdwn in FIG. 2 by the decimation filters

202 of FIG. 2. As will be recognized by one of ordin.ary skill in the art, the sample
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nunbers indicative of phase for both the left and right channel sensor

signal s |, : applied to paths 260 and 262, respectively,.. out puts of
t he Goer ?:%B%?Wter phase cal cul ation el ement 528. FIGS. i§¢§’%§?7é139%

f 1 ow charsignalemin ubdepthelreethoessaf it prfseREIR VRN, i raidsvert fibmaa FIRO or
sunidifference filtration nmethods. The nethods shown in the flowharts of

FI GS. 7- INBMAE¥SioragsaRely ipiveichthe Aecimated sample volugs &ceiskradabove 35

with respect t C i fy El fl. s . of FLGS., 7-9
descri bo. ¢ he a@gm%ézd&r ﬁe)gf&?ﬁémggftpgﬁﬁ@ §B§%§§T‘é’%£ﬁ‘:}é‘iﬁweﬁémp‘e

El enent s vifjGes 26trievel! 6y elerenc7oRe haenoRer abow) Sithcé thé MSEndMgTRodé! I St
stage) of filtration within -36- WO 98/ 07009 '

PCT/ US®7/vilzations betywesncihedel esddight ohanried signelsaregenetally in phpse andihear
this first.st ' ti mat ing FCG filtrati t hods of both
e benc DR SPrAEh BRIt arE dienbrally 805 okt OF Riser ks Ruval doe on
Chod . . ! . : ! . ‘
sun o 1 F oS P right ERbvindt Senbtdied BibpiBRRE,Ehfihalks B WiSting mede.
out put vdtetpiencizlcompdrient 2% tHel Bumimdd Signalsdeisiny émr&:iﬁg?ﬂwgeﬁaiﬁg?n?ﬁet he
S e

filtration processing within DSP 1200. = The_second stage enhanc
bendi ng dFeAueRFy cPmponestokihesusamedsignals:r the sem afthe two thasnel sigrgss

e o el A D b b R oAt I Feberiing i o ng. and

LS

twi sting o &igAMeARTIP airhiRisheaMrélucHEy PMSEHRR R he twish énBBeQFe&L{éhe eft and

ri ght channél sensor output values, to conpute pressure wthin Coriolis
ef fect mass f|Eement706a8dexb opergbie ¢o estimate thecberdingfreqgllensy froine tigs ven

t he enhanced signal values for the left and right channels as well ‘as the
enhanced sHHhEﬁtn‘gqﬁh@r‘%vﬁ'éﬁiq’ﬂ@"ﬁﬁ signalsdhemghase ofan FEG filationimethodage

val e <o HATENEROP B iost ERRratlE e i GB ald R At KBEUERHL ron

7700 15 t iegtiimatss aMpsuficienal) 668 1@ 8ns anbBbirf ynBMccéiddtaEﬁ&é fiffercivergéd ons
e

when the FCG filtration conputations determ ne that t RML frequency

“est i mat eSnugte rookesirapidly dlaan (thel eoresepnding RMLKfiken especiaiyl whent tha i on

“when 20 HEeRED HAAIE GG TR, IRG kol BuSRREER A P EmeL i e R o
g

S\I/E ;/@ri aBbemedtRabPieFCGidstitate @a bettar sepBkinitiohQst the BRhent fregg@hév the
iltration conputations at the start of the filtration nethods. “Until
100 sanphhan isdhe enbanced Mk estimatee Under theserconditionsoopirergence pf thlici ng
the o3t ! EICTiorndy b2 S0Lidredf by forBRg The RML filter to track (use) the FCG filter
frequency estimate. The DELAY_RML_BEND variable is a cbunter value set to .
"suspend” the RML filter frequency estimates. While the RML filter estimates are
so suspended, the RML filter frequency estimate computations remain close to the
correct frequency due to use of the FCG filter estimated frequency in initializing the
25 RML filter computations. When RML filter processing.is allowed to resume (after
the DELAY_RML_BEND counter decrements to zero) the estimated frequency
computed by the RML filter will rapidly converge on a more accurate estimated
‘frequency value. To determine whether the FCG and RML frequency estimates are
sufficiently close, the following test is found to be useful: |
30 | 1 - (1 + 2C0SWeeg) / (M + 2C0SWgyy ) | < 0.01
it would be recognized by one of ordinary skill in the art that any value may be used
to delay (suspend) the use of the RML filtration calculations. Empirically, it has
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frequencies may' not converge on a stabilized estimate sufficiently accurate
to 25 pewdpsemed of the RVML filter for final enhancerrent oPCcT/AIS9F138TUENCY

f_ th
Cort aenomabRgnHand et *ey‘@ tort 107 seifie I8V RES T ofnd ta | akuse 1 o
of the pre%%nza%ﬁrﬁf'tﬁé How ff&ﬁaﬁohecof‘rﬁﬁutfahaa elgﬂhﬁtteQBf fh'éeoé?%n hicon to

be near the correct frequency thereby assuring rapid convergenCe of the RWM
adapt at i onbeférereNiL ﬂlt]'atlols unsesﬁh@pehmbteﬁ Bending fc&nwmytdsedlamsmbbdohef t

d righ | i Th d | d
path 264 afdoRsmaly”BRe R o ARCeHIB | reaBniEcR Rk i ToqualRs esss iy e
2. /s vl | uBeg gcggggé}kﬁﬁe whetREEhE RIOL HidR oGtptid bidsB drfdtighrth thb Fo S 3Rk
PCT/ US97/ 128fimateé 90 de Dabful. W ahtions erefatingotts spécm@%n@h@émfﬁs bPYIBWm&er s

retrieved froma FIFO or menory storage array 1 n which the decinmted sanple
val ues aredeslgnedmmt_-:leenesngmzed hydhose ofrprdinaryt sidll sutiecdrt.t he | eft and right

EQﬁS?ﬁ%I rore. & KRR 75506 BERE BB Bompif s aRR e hamcarsioh nhre—
General 1y TERFAReoril Galiey A T R AR inlEnding

sanpl e10al and tedstiganicdel frequdriciesnas ewted @bbwe sthendiffarstice beneRitcthe two
conmponent of the sunmed signals while enhancing the bendi ng node frequency

conponent 8amplsignalsam!! @age\ alsirengihened fresuengy compoanahlnetge swisting snade

therefore pas . a siro in the bendi.n uency
and o oi oniteaudidr g™ sldnFEHBRY ¥iniBRE FeukBoh S ReR{IE te pading Frstk:
frequency. fEheaRey. EMmbAt PEKls ﬂw@&@bwt&ﬁéﬂcms éﬂ?&ehﬁ@%‘vd}%lfﬂéﬁ%‘@‘cy
fromthe sumof t'he left and right channel signals through use of an

filt rat i onelireinadel anglremnantsy Obthesbeneling umﬂaainemermyddnexhemords tehemEns and

RML i L ti pat ff tl t t her .
The F adAH ket sAheBi e Sondl b e s heiiierenee BB aa IR ng

RML filterg r i '
frequency est | mat%s éé?é P f@?ﬁaﬂﬂ%@ald&q"@%‘ﬁ){erﬁeﬂ@g J%é((kjag) %Fﬁbl%ﬁ&’@%&g&ﬁ mat e
is a bett etwisting mddeefréquerady \:dlwe by usersf a‘rf EQGGAltratibh eomputatvh appiatred RV
estimate. Under these conditions, convergence of the 20 RM filter may be

accel er at é&ewﬁ‘ﬂ@ﬂéﬁr\@ yeas rRpanGad ey thﬁ)n@tlcbcﬂkte( atelement Tdc Element 718

[ Lodbenc 677 m R A THRATRERHAEBDA o hrfeSCH B A il

rez J;r:a irrﬁzglsoa;ﬁewteg §€§MW¢dbmm 7TRBldetemtings Wheth Ry wmxn@mdaa?éﬁﬁérﬁiy ons
estimate produced by the FCG filtration computation of element 716 and the
frequency estimate produced by the RML filtration computation are too widely
separated for rapid convergence of the RML filter computations. If so, element 720
is_- next operable to reset the delay counter variable to impose further delay in the |

25 use of the RML filtration computations. In either case, processing continues on

FIG. 8 with the second stage of filtration processing.

Element 722 of FIG. 8 applies a band pass filtration computation to the sum
determined above by operation of element 704. A frequency band centered about
the estimated bending frequency produced by operation of element 706 is passed

‘ 30 by the operation of band pass filtration. Element 724 is next operable to further
enhance the bending mode frequency by applying a notch filter to further eliminate

remnants of the twisting mode frequency in the partially enhanced bending mode
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correct frequency due to use of the FCG filter estinmated frequency'i n

initiali zydeg; 25 RML filter conputations. When RWML filt sing is -
allowed to fgsei’;gﬁ%a (after the DELAY_RM._BEND counter decrer?éﬁ{[%ﬁ?’ggg? ro) the

est i mat edfreqeenenestimeatepprashiiced hyhaparition iof element! 722, aBiathgnt 726 &3 gexton a

nore accurate, estimated frequency,val ue, To determ ne whet her the FCG and
RVL fr equelPe b&stlo Rfaduce gpe %&PF%P@WE&? Qﬂtbgi’enfiﬁaoqi%meawngyyémg 1’|h§ found

LerrT o oMy Al fegnpigue, By ubiGdr erinat Frbigh of Heidn MofEERLRY 1o
~any val uesigpaisize mplﬂdeltemdﬂvaﬁ pﬁ'@d\ﬁd&%@mo?élécaﬁétecésﬁme BMhd bérd Ridden

calculations. Enpirically, it has -38- WO 98/

PCT/ U@?/&G@J@Wé@ﬁnfmlemt 4086 sjsaugsed above. sarrpl es provides sufficient
tine to assure ab|I| of the CGfI| ratlonc ation_estinates of
the bending frE& fﬁJ 232 FER1ORGTRPIE1 ER qug}yge #vhe 'ggrt %nﬁaf:@a rTc?f

frequency, I

r ecogn zeC?ﬁa?’aﬁ?ﬂi?BF'aﬁt';‘WﬁW?E‘s"ta?,'ﬂﬁ.ﬂy B Rsebitaddintalie Wét%ét her
the RVM. fvdlberobotheudelay Ragsetempusgeration of Eleméntl 7¢0 e6tdieRient tTde
useful. Variations relati nglt o specific applications or flowreter designs

will be rpegificallyqdelsinant <8 ipppefiahieterdeteuning if thetdelavcounter valuatset bge-i s -

o onal U it BubA ot Bk P B 706iE NoR 270 T by BBlnler g 5550
and tw stigig, EeRehtST30NahEs733 Al AdxaRperabit h® %éétefrfé‘WEeFN\%ﬁBnt he

two sanpl e sl gnals will have a strengthened frequency conponent 1n

t wi sti ng cosoputationcosfliciantdo the eghmatechmefﬁcnelnhpnmvmmkby thEC B filtrationonent
in the bendin rmdefre ?ggé%o nt 714 is then operable to notch the
di f f er encRPESAIRN,AL gleman NPn %mﬁﬂtyn%m%b@ftomr%ﬁmﬂ'@@%‘éﬁ

-frequency, el 7
val ue con%olﬁ'itr@edp ggﬁ{ehﬂ?(ﬂtfl F%t%lemﬂzégqbet ﬁgﬂeLn%éﬁﬁB%ﬁgnP%%ML ﬁ'ﬂ% '8& gnal
val uets Eicenmthtw‘!ﬂﬁhas beentdelppsdifr onesamaplepariod: he twi sting node

se of _an FCG filtration conputation applied to the

frequency valu Ecj u
di fference val S"{eﬁ érﬁ%&%a@oméamgmra manngr similan tenelement 47227 32ent

718 and 7, . 8 and 10

i scusse iy G saEhedtte hisCBRR Sindh B SoD SRR 1R AR

twi-sting gleghent. megpﬁeea band epéysoﬂw@ecb ltve tdiﬁex’éﬁ@ef\lrélﬁé aédrﬁﬁut‘éa t ation
of elenent 716 and the frequency estimate produced by the RVML filtration
conput at ielements Fdé’-m%@b?Ver'ﬁ %tbﬁ!ﬂdf pass Sirationopassese acrandwt bandridf

fil teéo Ccﬁ@qut}ei?\tcﬁeosnscenltereaoab uf® r{ﬁe estimated twisting frequency computed by

operation of element 716 above. Element 736 is next operable to produce an

enhanced estimate of the twist mode vibration frequency using the well known RML

filter technique. By using an enhanced version of the twist mode signal as input,

element 736 produces a more accurate estimate than does element 716 discussed
25 above. | '

Elements 738-742 are then operable to determine whether the RML filtration
computation coefficient need be set in accordance with the delay counter value set
by operation of element 720 or 700 above. In particular, if the delay counter value
is non-zero, element 740 is operéble to set the RML filtration computation

30 coefficient to the estimated coefficient provided by the operation of FCG filtration
computation performed by operation of element 716 above. Element 742 is then
operable to decrement the delay counter value to indicate that the RML coefficient

-
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i s next opérabl e to reset the delay counter variable to inpose further

delay in igegpropse of the RML filtration conputations. |In gptihes@ese,
processing continues on FIG 8 with the second stage of filtratiagn

pr ocessi nghagbessrmesebiorsneradslitional samele Refega dniher case Ripregsing then

conputation_ to the . ) b i iPERSENT 704. A
frequency ﬁ%’ﬁtﬂ"‘{?@n\f@bjgﬁlg ?ﬁﬁ&agﬁg’@@@m%%&%gé@?ﬁgl}ft%h’ﬁgncy ‘produced by
operation of el gRBMkird SBigeofBRENBH réfresBiitddtsy slBgients PA-FE2AMIG PR Sitilize
filtration. Elenent 724 i's next operable to further enhance the bendi ng

mode f r equtiec pnbanceg itwistiggamedecand iblending odder vibeatian frentaney velenis of
{,\geigtg)’“o%bgﬁhgﬁgee ttfter %%‘68{%%'0%&v'?ﬁra?i%ixt#ré‘é&gnc%”@oanrlﬁg S ¢ te ="-ria%f )

frequency ' 1 ' ' e ]
et oot abfANE SRS LA Sality B dica s halvAES ard fien (RIZER tiEhild
usi ng the EMgefdflgroceésing e detdrmive tsd pesalireWithincdd operating Odfiolis effeend
node vibration signals as input, element 726 produces a nore accurate

esti mat e ofmassdoenetensnd o detarminecthe carrested ass downate as ecfuactiouof the

o et SPBMECRN 6 A RERRA S 8 A Ehe BRI BstpRl L
accor dapcepy : ay flag set by operation of elenment 710
or el eﬁgntﬂ'}%gangg’ggﬁ |tg§?$§flé\gﬁleéir§ﬁt 728 is operable to determne if the

del ay counter vhi partctiah\elddenbFddaisi first obeediserot sotch thertwiSiOfrequercy
zero. |If the delay counter val ue i on, zero, ,elenents 730 732 are next

oper abl e FInEAUATANRIEN ohARRG ST GGHR B9 BIFTCERATS Ao o RuanCy
706 apove. SanarcBhmhe esien I ihaing bhhl loE TAPShBIAER & eI GBHE",

706 above. S “opera decr ern counter value to

i ndi cate t g4 cohespbhds eefribteH fitdr 500 animiftcpibd-fited 502 tepittddin FIG. 5.
conput ations has been del a_ée’d for one sanple period. Elenents 734-742 are
oper abté i EBlemenin@é4b isi sinmilarly: operablerio enbance the hending gnpdackeguenayn st

d t of th : ' lg. | 1 cul . 34 '
band pase. PoTPBRCED QB ahly CEaS PigBak AN cd ORPral erk sloreibiiAd "
above. Thechand, of thb ﬂ%r@?@ﬁﬁg‘%a%rﬁé%‘é!MZefof?ﬂG.B! equenci es

centered a%out the estimated tw sting frequency conputed by operation of
el ement 716 aboalthotgkeiterdy afiiear thatdhe combinatibe of band passfiltratiorahd notah

B e v BB s B B A 42 RIETS ) bRk o
'NPUL, 20 in nature, one of ordinary skill in the art will readily recognize that simple second
order band pass filters may be incapable of sufficiently rejecting noise and other
signals outside the selected band. [n particular, it is difficult to achieve efficient
attenuation of the twist mode vibration frequency with a reasonable filter bandwidth.
For these reasons, the best presently known mode of implementing the invention '
25 requires the combination of band pass filtration and notch filtration in filter chains
to sufficiently enhance the desired signals.

Elements 748 and 750 update the computations of the Goertzel filter and the
averaging of the estimated frequencies for each discrete (deéimated and
enhanced) sample. In particular, element 748 updates the ongoing Goertzel filter

30 computation for the samples in the present Hanning {half) window by multiplying the
enhanced left and right channel sample values by-the appropriate Hanning window
weighting value. This value is then incorporated into the ongoing DTFT
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el ement 736 produces a nore accurate estimate than does el ement 716
di scussed 25 above: Elenents 738-742 are then operable to determ ne whet her
the RVL WA M%n conput ation coefficient need be set i nPEEASPUEE®e with

the del aycsiApiHaion Y&t e presertHARRIRHAM wHdSb BBRIdUCRhe valROirdiRige | N

particular, 1f the delay counter value is non-zero, elenent 740 1s operable
to set thef phaisé ubed am isthsequenitcarmputaons o&lément b0 tupdates thet ongoiad
coefficient provided by the operation of FCG fi]tration conputation

per f or mecCHPPUIFEPEET BT AETRI L EAHe FYdoEBRRTLYIDER RO dS 08 e VIRanG W abi ¢
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depi ct ed evergihalf windoweperiad even thpagbithe RMLE fitersusegtetack the bsndbedent s
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i br at | or st EPbyendiSs bREus WETErRs Ot RondnRRmatadixarinla A Aied
frequencyz AP : | Sy lel, QUS
enhgncedyaS| gnéﬁﬁga Mgfsﬁ“gt%étpﬁéeénerﬁ? ﬁ?f&%ﬁcﬁbéﬁéathﬁlﬁ%gg@g%%ﬁ t}ér@c‘;é@ﬁsi ng
t o det er nofifilter boeflicicsss thatware relatechto tnpefre?qUem:TyCByﬁhel fommelaf ect mass

flowreter and to determne the corrected mass flow rate as a functi on of
the elhanced left and right chan®F -3&081(® Tl ues and the cal cul at ed

ol emont - AHErB e felfueritl o F; £ 1ERbeltRACy e i Guons)- HatEs i o
the left taBauie and twist modleibraiof fréfiericlesdascdri uﬁ@r&érywhgﬁfgnal

band from the enhanced | eft channel signal value. The operation o enment
744 cor r exipdowsperdot by computing treoaverage ualite phithe frenuencys tsprasentatiesl i n

FIG 5. 15 enent, 746 .is simlatly operable to enhance th endi ng node
frequencf@?ﬁ%’%ﬁeﬁt oYgr tbﬁé)r?Y'BH? BE&%’?@W EPBH@P“&&“BBE" 'Efoa%e(r}ﬁnﬂ lag| enent
744 oggresponds to the notch filger ) sfand pass filter 526 of FIG 5.
Al though it may appear that the conbinatioh of band pass filtration and

notch filtration in filter chains such as el enents 500 and 502 of FIG 5
one of ordinary skill in the art w |l

b dant ' t
TSl vy SRR 788 e e e inde e 1 R oo
: bl S . . : : . h
Sel oot ed ATVl ERAAphEIGRHON the BpaS oD Wil HH0E BB e fc)
at t enuat igstingdtes.he tw st node vibration frequency with a reasonable filter

bandw dt h. ) _
20 Element 752 is operable to determine whether this particular (decimated and

enhancéd) sample completes the processing of the samples in the present Hanning
half window period. If not, processing continues by looping back to element 702
(at label "A") to await the next sample. Otherwise, processing continues with
elements 754-762 to complete processing of the present Hanning half window
25 period. - B : -

Element 754 .computes the At value as a function (*f") of the values
generated by the Goertzel filters over the past (just completed) Hanning window.
As noted above, the Goertzel filters produce a comhlex number indicative of the
phase of each of the sensor outputs for each of the left and right: channels. As
‘ 30 known in the art, the phase of the sample signal values .may be used to determine
the At value which is, in tum, proportional to the. maés flow rate of the material

flowing in the flow tubes of the Coriolis effect mass flowmeter.
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For these reéasons, the best presently known node of inplementing the

i nvent’i on, ires the conbination of band pass filtrat .eﬂg§%3 tch
filtrati or‘l’&??lsl I ['ter chains to sufficiently enhance_the desil,re SI g%gl s.
El ements 748 an&lemmentgd§t eexhdeteominasthe mresgure nwitiigethez Bowr tubesr aangl t he

[ f t.h i jrat ed, f ' h di t deci mat
ehanced) SaPE (G HoBPENDahER, ek, FestetnuarESiBhEr i frAT cal Pl
filter 30 y _ I ' ; b RO i, nd
by, il 1 pl NS Y 2HEAR of e A RED {45 nbfbctdtiouel Bifalio ok Bfist Tegleniy, ndow
appropri at o thenbend frequimey ie pgipgortignaiabuthe préssure waithie the flohetubes of an

I ncorporated into the gngoing DTFT -41- WO 98/ 07009
PCT/ US9%/- 10peratipgripasaflpWmeter the present Hanning (hal f) window to produce

h I i ndi ' h ' Y ' | 750
D " BB TSRSl Sptabis S SRS LOBRALRA B, BRACFR 0,
mode of -t hgveraBedloveptid ﬁétﬁubﬁéomffl@téﬂ)ﬂéﬁrﬁﬁ%wwﬁﬁeﬁ&d,(‘a%@ﬁfn%ﬁbﬁ "y
conpl ex inversé trigononetric 5 functi'ons, the actual bend and tw st node

frequenci esf theahtcanthpressucs vglues cempitey abalve. Wisndissugsed indaditiond! detaih t he

RW. filters used to track,the bend and tw st node frequencies produce
est i mat es. POIPWe RS POTRCIE H1ASS) O FRlSelS CQMPIEIEE A BB iETade Pradess basads

oot 1 Dcrtdf) e URBHIACHE TR ROR) 8 i kEers]) cbftEcldh Taflors (hfifitipa

a =-2 cos érlh@hrt;] therar is] thevpressirer corredticrhelctemsinedici aocoribRte] with tHee

deci mat ed sarrg e frequency. Estimates of the bend and tw st node vibration
&

frequenci eteaghingsafghisdavention). Hanni ng hal f wi ndow peri od by conputing the
e o e o SO0 RS I i e
[err] = CQ?&r?écgtEd(mﬁ,é@)ﬂ]p(N Fterdrl the! §raBlire’ eBmplBitRhS Serdsd §6 @é@éﬁniﬁﬁe?rhe

average value for this frequency representative coefficient for bot
bend athl tcardrolnthee stathsaof anprodessqudiy diizatien avay J@present afy arssfal 752

I's operable to deterijne whether thi articular (decimated and enhanced)
sl e corIEabon il The GoleElet sk ol Saia,PLRI ST 8o S8 SR Benal 1
Wi nhdow perji f , | continues by | ooping back to el enent 702
(at | abel rb%\ﬁ'&m{soof;\ﬂ%iqr@%%@‘%ﬁ%(@ﬂ)snénpl e. O herw se, processing continues
with elements 785AalloZiémebOTHL & EperadiefSidiet tHe EdleulRtiOnS perfoanBd bdvel f

W ndow by elements 748 and 750 which are operable' over the period of a Hanning window.

20 Specifically, the Goertzel fiter weighted averaging and the average frequency
computations are reset in preparation for the start of the next Hanning window
period. Processing is then completed for this Hanning window, and the methods
continue by looping back to element 702 (at label "A") to await availability of
another decimated sample. _ _ '

25 FREQUENCY/PHASE FILTRATION METHODS - FOURTH ORDER FILTER
METHOD: | '

FIG. 6 depicts additional detail of an alternate embodiment of
frequency/phase calculation element 204 which utilizes a fourth order FCG filter
function to provide approximations of both the bending mode and twisting mode

30 vibrational frequencies of the flow tubes. In addition to generating frequency
estimates, the fourth order FCG filter provide some enhancement of the input

signal. The fourth order FCG embodiment has an advantage over the
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25 period. Elenment 754 conputes the At value as a function ("f") of the

.val ues rated by the CGoertzel filters over the past (just conpleted)
Hanni ng%ﬁ&@%ﬁg% noted above, the Goertzel filters prodﬁ%fﬂé”%ﬁiﬂ ex

nunber i miinvdifferencef bédtknphasaethiodsasesaitet hbose isthiat the fourth dreer each of
the left and'right channels. As 30 known in the art, the phase of the :
sanpl e siftfghis IpaF $88SHNG t8 anydedalancecdheimpendhe irft and vight ehapnelrseinsori n

R AR 0BT K S0 L 1 P hbhal [ ™

PCT/ US9 7/cbﬁﬂiﬁatﬁir@19nEnﬁ‘)§ﬁc§w§t rE SR HEVRESetRRinBA %A Bratitichi dbgiiRstidh oW

tubes as a function ("g") of the enhanced, averaged, frequency ‘estimates of
t he bénd ofithie swinkliffenedee wéthads presented abovd, dive potential ifsbataricecofaheveft t he

ratio of the twi st frequency to the bend frequency is proportional to the
pressur e 3f% AgRt Ph@”'f‘?'o%’ﬁ%eﬂg%ﬁlsaqlpe\? ”Bbé‘%ﬁf’ﬁ e resutss olothecfreguertinent

758 is t ; , r over
(he past SCNTIERS S8 Ficki CAABNcmant DT EhERoBRormoRMY B fhe BHFDTHER 07! e
At and pIRETS filter igaherforearat véquiretbiovimpréve HieasurnnshtiztcaddyttbPpalssrs ai |

bel ow, the corrected mass flow rate is conputed as an iterative process

based 10o0r massflaméatesScorrected mass flow rate and several correction
factqrs (pringipal th i ressu recti of termined in
act e (B Bl rRAR ARSI yind it SR EE G B0 bk B ead S
represen [ i ; : ow
e or e e e R M the RN ok SRE LR Fidd e

st at us oWibratiorat freguefities ofithid flaw tules. niBsich Gitercchait cemprises Buiotelfiltecat i on
of the corr, cted,masS?flo(Xv rate or pressure _per rived fromthe nethods

d
of the pREUEHEECEiNRS e odestiy annanced ovgpit sidnsliol ts fqudh erdes FIGG Bitef he

over t e SR WIREE! QUBR(ls Saibted B ahaifect Sarkbad el MY LB EREBIEAY, P .,
vei ghed pagefiker afeathditehehain & agslidd tod/eatndCHIBLIRRIL! fiMes tESmpRI€thd N

preparation for the start of the next Hanning w ndow period. Processing is
t hen congnbaeeement efigachHsplatadfrenuensy siand. threadditinoakpaioet filtarehajns oopi ng

back 10 5 SHERLAA? i Rt and NohO sBHEM oS! drhars FLHRR
generated therefrom by the bending mode vibrations of the flow tubes. The
enhanced signal for each of the left and right channel sensors is then applied to a
20 Goertzel! filter phase calculation element 528 as discussed above with respect to

FIG. 5.

A fourth order FCG filter 600 receives the left channel signal values from
path 254, The fourth order FCG 600 computes frequency estimates for the two
strongest signals (highest amplitude sinusoids) in its input data. The lower of the

---25  two estimated frequencies is assumed to be the bending mode frequency and the
higher of the two estimated frequencies is assumed to be the twisting mode
frequency. The fourth order FCG 600 thereby provides an estimate of the
frequency' of the bending mode vibrations of the flow tubes and applies that
estimate to path 652. The fourth order FCG filter 600 also thereby provides an

30 estimate of the twisting mode frequency and applies that estimate to path 654.

Lastly, the fourth order FCG filter 600 provides modest enhancement of the input
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25 F'REQJENCY/ PHASE FI LTRATI ON METHODS - FOURTH ORDER FI LTER METHOD: FIG 6
depi cts acw losafs detail of an alternate enbodi ment of fregg-gmsy-ﬂgbaﬁe .
cal cul ati on eI enent 204 whi ch utilizes a fourth order FCG filter function

to provide s:gnal mmﬂh&@ torelisynate nrise slgnpisPutpide the dwe ﬁ}@ﬂgr?@mw@

vi brati onal n addition to generating

frequency @g'fjl ﬁhgﬁgﬁﬁgég&ﬁ@%ggglg—@éﬁl ter provide sone enhancenent

?L th23l nput V\TZ' gvér/féo%ﬁoﬂiﬁgg buAfidhsOBfUST sdudrdesraed hoRM afthbafd pady MtbAggndver
e - -

PCT/ US97/ 139¢ RML filtelisfis asenuted bbeve k Toerdefmingaguatiansehthedousbvardenbanct

the fourth ord?_r FCG filt i.S Iefs enS|t|veto any i nbal ance between the

| ef't an® r PR @ﬁéﬁh%‘l’alé"e S PIRIBIAPIY gnal's. However, the fourth order FCG

filter is somewhat nore conpl ex conputationally. Enpi [ cal test results
have determined that in practical appliy#di on 5 of the sum difference

met hods present g ﬁbﬂwtkfrh'wﬂ@tmzé@kk4z7b¢dm9ﬂ(1@&(kt—b¢+(b¢‘ﬂﬂ)«ﬂnd4r i ght

channel sensor signals t equency
estimates and signal en Z} dgft %ﬁg?’ co:ﬁpF(e})'( tyyof the fourth

order FCG filter is therefore not required to inprove neasurenent accuracy
for pressure or mass flow rates. 10 - The enhanced output of the fourth
order FCG ry i P Mpue Sigrial SRR ehNEnddd éetr UEBRINES, & s itRedibfasing
further en&@r%g tr'1e rgbgng gtr@dg)aan tw sting nod e vibrational frequencies
of the fl oparaineter, Badhx(f) améu((z;)ralertheadpptlegsoaffm&msn ahdix(&} =whibs x(2) =

receives the m)destl enhanced out put. Si t.he four. Jfef CG filter
and whose @daButihed Pﬂ@SU?BO'b"'@FP)@’ S wkiansbed 1 poitareNt Al fortasor
the band 15 pass fllter = ] .to a second order
RWL filter to conplete t#g en Qﬂce ntﬁﬁ(ﬂ%ia?c _Iagwhgpefrequency si gnal .
An additional pair of fjlter chains is associ ated with the | eft and right
sensor channel s tojenl’ba ce th (B-ngm(ad—S)gmyl(é'ﬁak(dtst-mm(kf-ﬁtm"bw-t&)g bendi ng

nmode vi brations @f= } &kubes. The ephanced signal for each of the |eft
and right channel 3é#88ts is then appl (‘éd"'t)B(kaziOo‘ Y6etk zel filter phase
cal cul ation el enent 528 as di scussed above with respect to FIG 5. A fourth
order FCG filter 600 receives the |eft channel signal values from path 254.
The fourth order FCG 600 conmputes frequency estimates for the two strongest
si gnal 90( hi ghesThanfourthustees FOG (iltes 500 menesates twb foeduencyrestinmates oof its he

outputs used to center the frequency of the various notch and band pass filters

referred to in FIG. 6. The frequency estimates are determined as:

cos'(-af2)
(2m)

fo= cos”'(-b/2)

(2m

f1=

Alternatively, the fourth order FCG filter 600 may receive its input from the

right channel sensor values supplied on path 256. One of ordinary skill in the art

15 will readily recognize the equivalence of the two input options with regard to
operation of fourth order FCG filter 600.

A first filter chain further isolates and enhances the bending mode frequency

component in the signal applied to input path 650. Notch filter 602 first notches out

frequencies centered about the estimated twist mode frequency computed by

-
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25 tw estimated frequencies is assunmed to be the bendi ng node fréquenCy
and the higher. of the two estimated frequencies is assuned to be the

tw sti ngwﬁg??@71’q@equency. The fourth order FCG 600 t her eby PERBIRHESTAN '
estimate genidht 61220PI8E eVttt of ML AEIED2 R plieB A pafS 656 tb bank! fakst ubes
and applies that estimate to path 652. The fourth order FCG filter 600 al so
t her eby pfilter 6% taupass a sstrowafrequencynbandicentargd rabsert the gstimatedubenappl i es
that estinmate .to path 654. .13stl| th ucth order FCG filter 600 provides
modest enfQREd &y thﬁﬁﬁy éjﬁ'ﬁ‘-en%b /qj.o;%tgot]:banc; pass fitter 604 s

PCT/ US97/ ; j : Sy | Ficpat ' ' ; Ut side the
two stron cg%p\gér]ggﬁssgigi%ppl | e%été#e{mel'n lléielrilnce tgif% t@ag%?hﬁ‘@%am*‘%e

def i ni g bending aodeoffeqidncye dhigkirel frequend\costimatelisthéniagieditd patts2e61d t he
RML filters is as noted above, The defining equation of the fourth order
band 5 pass fi#t&ecand §iter ghainofurther igplates apdyenhanggs theetwistingsmode i nput -

1L RO R 8 gl b6 A L B ARG,

[Tgrer flefl B%wﬁ@ﬂ@tﬁgeg olibffeqieritidiccattsreti 4Rt e Afitatal 88hd Mtdd vibfatibl as:

i
ourth order FCG filter 600 generates two frequency
est i mat esfrequerncy computed bysaiemeot 6661 dhetdwdpit afcnatok Yiltef 608 &5 applieaiganot ch

ot or 1 nddPUA S00)BIHEpsS, THEF /011 Pashea DeRTowITIIEB)ana e ereccalioutny
W ndtPt _ " y
256, One F cSHied bAg] npfe iedleney BatiplestiiP dlmih 050, THERUA of BabE'

equi val ensassofiitére:1 0 iscappliedt viapatty 862 wb isecoHAd drder RMLNfier 6 12ntodbrhaHet h
order FCG filter 600. Afirst filter chain further isolates and enhances

t he bendififgl astmate eldhetwistivemede fequenayn cThis §nall freguency eéstimatenjsuthepat h

650. Notch. fiilter f,i rst notches out frequencies centered about the
esti mat eoghwgttgrpéglg%#equency conmput ed by -45-

15 The bending mode frequency estimate generated by fourth order FCG filter

600 and applied to path 652 is received by band pass filter 604 to adapt the center
frequency of the pass band of the filter. Similarly, the twisting mode frequency
estimate generated by fourth order FCG filter 600 and applied to path 654 is
received by band pass filter 610 to adapt the center frequency of the pass band of

20 the filter. The precise bending mode frequency of the flow tubes generated by
second order RML filter 606 and applied to path 266 is. received by notch filter 608

to adapt the center frequency of the notch filter. Similarly, the precise twisting

"~ mode fr_equency of the flow tubes gene.rated by second order RML filter 612 and
applied to path 264 is received by notch filter 602 to adapt the center frequency of

25 the notch filter. : —
A second pair of filter chains are used to isolate and enhance the bending

mode frequency for each of the left and right channel sensor signals. Notch filter

614 receives the unenhanced left channel sensor signal values on path 254 and
filters out frequencies within a notch centered at the precise twisting mode

30 frequency suppilied via path 264 from second order RML filter 612. The enhanced
éignal generated by notch filter 614 is applied over path 664 to band pass filter 616.
Band pass filter 616 passes a narrow band of frequencies centered about the
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el enent _63&0 %ﬁﬁoput put of notch filter 602 is applied via peffiséhaeio band
pass filter 8 to pass a narrow frequency band centered about the :

estimated pesmsenbeadineqesecyibasiepat Faauoney supiiedky. Pathe28R oM S8EOPENnd
filt 04 j | i ' t t Lokt 6Q8¢ t
Form t he 1 Praer B0 HaEs 670 ne8 Sbwieag Robe BRin R ot pals; filsr 66 ©
frequency gshdUBhR the teRBihoafBlié SihriapoPfelicf €handeiserenrisinbl wilusdand is
urther isolates and enhanCes the~tw sting node vibrational frequenc

conmponent g Ptib@\&ég:_am 68ppioi Bdettzel fifert elpmeant d&8 iMetoANner sivilaoe hat st
not ches out frequencies centered ab’%ﬁg Etbhe esti mat ed bend node vi bration

frequendy cisapssed abpve WkbiesPreesio utput of notch filter 608 is

applied via 10 t _ b ,?Qfg.‘ TS f ency
band centered aﬁ%ﬁ?ﬁ@?%ﬁﬂﬁmagﬁstbbr@ggc reqélugﬁ@y cc') é]u?ér ) byNe gvrrent
600. The o }tFPG‘!S)T'edéWb% thasmehhhhesd AAR dranmebsémsbrsignal aaluedioh paths25®nd
order RML filter 612 to formthe final estimate of the tw sting node

frequency. afdi fiiters mait flequeonciesywithiniarnotech eenteted abthe precise paistingenoda s

The bendi ng node frequency est.i ener at ed- byt Qukt h FCG filter

600 and ap eﬂéﬁn%sﬁb&’ ﬁdgﬁé_pﬁih f@%&&?w@ﬂayﬁﬁ@sﬁ'ﬁﬁ‘fﬁe@%ﬁ aﬂﬁ%@t

t he centser ' (8

twi st nolEf HEATEIEY by RBicATRE: G191 Ahnrdiover b BoCITbarR] bss Il 820: 0o
and appl i e@3dre pass fifteA 626 passesve dampwbbard mfsreduercias 6adtered abopt thée

center frequency of the pass band of 20 the filter The precise begﬁl\i”ng
mode f r equenesisebending modetfremuiengyrrupplied vig path ¢RE ferrasecrid ardet RMisoe

‘and applied.to_path 266 i.s receive ch. 11 bg?,:«} nt er
frequency gftef ﬁ@%noTéﬁ %’1*@8?5 Sﬁﬁ‘ﬁ#@%i’ﬁ"@'@r é%léssgﬁérw i n!gmrﬁ?tggg e
frequency dighEIOfIRE Might BRamYel SRHBBF signaevalblb drid seippiiéd wiand
appl i ed togfggpﬂﬁgzédﬂ?g#s Igecei ved Dy no?’c_h filter ?gg to adapt thepp?enter
frequendy pht2670 teGoettza! filier element 528cioraimaaner similer ta that disgussedipbovg ed
to isol ate and enhance th; bendi ng node frequency for each of the left and
right chaniégth ‘?éﬁ%trtosh:'&‘h 's. Notch filter 614 receives the unenhanced |eft
channel sensor a‘h%“?%ﬁg%'slé?%f‘iﬂe%}iﬁug%e?é‘ epictd® §rd FRO! 6 deRINGH&S the t hi n
a notch centered at e precise twsting node 30 frequency supplied via

path 264 fgpacHieosardnmteevaliyt chosenrfob ik fifftrs iendcoocdance withl thgedefiningd by
notch filter 614 is applied over path 664 to ba&(a Eags filter 616. Band
pass filt eeqeatiopagiden abovs. r lopssRal Srdiasdiane ioupd thefe! vang S - 46-

20 effective with typical flowmeter bend and twist frequencies.

Element Tvpe S Parameters
600 4th order FCG adaptive filter a=0.01, A=0.99
602 2nd order notch filter a=0.8
25 604 2nd order band pass filter a=0.5
606 2nd order RML adaptive filter a=0.99, A=0.99
608 2nd order notch filter «=0.8 o
610 2nd order band pass filter a=0.5 ;
- 612 2nd order RML adaptive filter - «=0.99, A=0.99
30 614 2nd order nofch filter a=0.99
616 2nd order band pass filter a=0.99
618 2nd order notch filter a=0.99
620 2nd order band pass filter a=0.99
35 It is important to note that the frequency estimates produced by RML filter

elements 606 and 612 are used in a reciprocal feedback arrangement. In other

| words, the frequéncy estimate produced by RML filter element 606 is used to
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preci se bendi ng node vi brational frequency supplied via path 266 from
second oV@&B/ filter 606. The enhanced signal output bYCHEEWAIEES filter

616 repr eapiiod nblth RESCB08 winseitérdtab iRput BERIME filtet TBIPNeConeasely, shanal

values and is applied via path 666 to CGoertzel filter elenment 528 in a
manner sifréquancycestimaaterprogused Sy Mhities elgment &t iscusedbiarcantrgl notci ni | ar
filter chain oce hg r. n sor signal values. Notch filter
618 receir}@_@é sﬁﬁé"crﬂf%ﬁﬁﬁg#c@& 'ngﬁttocigﬂ‘é'ﬁﬁgr%(égnsor'si gnal val ues on path 256
and filters oubrope?tbpletdhos dffi el ik Rh 8w i sting
node frequenc;prs_uppﬁégd vﬁ\cpat EhQG?#E%nglgg% %ﬁéers%dfiﬁﬁgﬁ%&% The
enhangd Fifst, lrarghpasgfilters B04ddari 6 10 ted tundd esing tile batpa pf theelfourty orierh 668
to band pass filter 620. Band pass filter 620 passes a narrow band of

f r equencifeCJtier &0 Bpisprovides strepg attepuatipn @f fg unwastadkermpenept fosd vi a

band pasEAq ke BRI, (15 ctepesl of P AR, moRe FORRRRG vl R gl ™
- channel SRHEBIn%RMLaﬁlté’r%w%néﬁénio%aﬁ@@ﬂhb%ndiﬁg_ﬁ%de ﬁéé@erﬁﬁpmtaac%@et zeh”

filter elenent 528 in a manner simlar to that di scussed above with'respect
to FI G =ZhamincledipgRdd Btertbie)y Matoh ilters 662 andefid fiothermattarmaté thiepend

o Adhe B EoBaRB I <Sor TR B e pocraten Silen SGBTRAN e
w th the UG TR TR |
F r equenciih thF SorfhsPBnding Fole Healfent et Brod Bt fle REF - ™ <

4t h or delFECTiltetaf00y thd irbspectiveaRMLOfilterd €606 o8 .1R)68Anitialized udish Arder
notch filter a=0.8 25 604 2nd order band pass filter [err]=0.5

606 corgspoding - Gfiltanapimate inia manner aralogeys tothat despebedabeve
200 &' Gt smcinfedod Metpocs, B MERo L HaRa0: bl 0o o0
614 45 dashB |mbdé&eﬁ@é&é'§%iﬂé RFAL fiters (666 bha%@?;@?ltqeefrounh gdr pictgr band

pass filter err]=0.99 nd "order no err]=0.99
620 filtepB80o0r der band pass filter [err]=0.99 35 It is inportant

L0 "L Lo A SOHRIC St LI EDeR NG b, LGy ShalE g 600,
f r equencyegsddtTBIFIGR 50 kv LiheBhhdricliigRAIE TEpYesBRfing the'B&MUIRG mdds
vibrational motion of the left and right channel sensors and determines the phase
20 of the sinusoid of each channel's signal. The phase of each channel, represented
by a complex humber determined by summing the sample values under control of
Hanning window weights, are applied to paths 260 and 262 for further processing
by At calculation element 212 of FIG. 2.
FREQUENCY RATIO COMPENSATION:
- 25 ----Methods of the present invention discussed above are applied to accurately
determine the bending rﬁode frequency and the twisting mode frequency of the
* vibrating flow tubes. The ratio of the twist mode to the bending mode may be used
to determine pressure within the flow tubes as discussed above. However, as
noted above, the frequency ratio is affected by other parameters of the flowmeter.
30 Thése other factors may be used to compensate the freqbency ratioc by well known
calibration techniques. The compensated frequency ratio may then be used to
'accﬁrately determine the pressure within the flow tubes of the mass flowmeter.
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control nq{vét;ﬁ,{)i,doger 608 which filters the input of RWML fil petnirize
Conversely; the frequency estimate Erod-uced by RML filter elenment 612 is

used to control The cawr freaeen@oratich FRrafiis tdaterminediprrindicallyrag disqussedeoe.

i rot, bandasnecs g E® Suhedit B6% FeaiieiBle e e gk et °
fourth ordepe FiiBrafing eflow OfibeBh S-Fﬂp%x! fescoridchaty By t SisingO tomipdritation

unwant ed conponent for each fi lter chain (i.e., renpval of ‘the tw st node
frequency foomputatidns foephysicalmountingdtergpeveture; densitycamd astimatadovass fiowt he

bendi ng node frequency jn the filter chain inclyding RML filter 612 Not ch
T ers Bozakm neomass: e iR AsrtelptveRecoPcied s SampURG REIOdS) dBnd.
if the ngﬁggﬂ@ggc’gﬁest AR gl ffer significantly fromthe correspondi ng

nmode frequ i metB8 “produced by the fourth order FCG filter 600, the

respective RML filter (GWRf =¢RQAWi~SAFRLIBFRTZ!GAFR§iMFRL}e correspondi ng
FCG filter estimate in a manner anal ogous to that described above with
respect to the drRglisfg eorapersationsaie whithsacasiuntsdor changes indhefreiqiened by

the 15 dashed | t to the RML filt 606. 12) f t

fourth or dEPSRRBSE 1 IDETOROBCEETLIPANCE P PbY SR LR aieLe e TBWeREReAbe 26,
di L . . :

Fopreadlr; EhVEea ol bf R fiiheteriis e fapipalint cfl JRECRR Jbiafighs

channel senpgspensenst tHetfiewntubes aslvompared t@the physidet nsduntingi ubeditocatibrate

channel 's signal. The phase of each channel, -represented by a conplex_

number det dheiflowmptersatniimageh manufasiues.y HARRs isudeterminadt by measveEnaithy

At ool cur aftrgtienty TafB B iy ldtion e -2 B Rothele ik Rl 8 8Y Y
Met hods of jiteAdBHESRlication LBNdRR) @ndcsaistesttmBothe RequERY D hibaRtfed 3itel ¥

determ ne the bending node frequency and the tw sting node frequency of the
vi br at i85y tcalibratioine R imourded dnoé calibrations fixtusele tThe medsamed ngstalidtionay

owever,  aeRUBBEY BV el IRAIRY @St For AeNCa i ipe alaling tomRgrature as
o cr P8 6 Babon dRplitafe ONVRG  BekPEna Ricleed 0
conpensat ed frequency rati o ABR,FER, béf.(Rpdf{ia)deER,ately determ ne the
pressure Nv&hr]eirg t{](?,) fesl Oawptollflggﬁniglf int tﬁ {g;gﬁgraftilag V‘cvrer}ra'r%peerrél'tu-rr-f:1 86f the flow tubes)
20 appropriate to the particular flowmeter and f,(,.) is a polynomial in T (installation
temperature of the flow tubes) appropriate to the p.articula_r'ﬂowmeter.

AFR; is a compensation factor which accounts for changes in the frequency
ratio of the flow tubes in response to changeé in the flow tube temperature from
calibration temperature. Specifically, AFR; is determined as follows: ‘

. 25 AFR; = f(To) - f(Tm)
where f(.,) is a polynomial in T, (calibration temperature of the flow tubés)
appropriate to the particular flowmeter and f.(;.) is a polynomial in T, (presently
measured temperature of the flow tubes) appropriate to the particular flowmeter.

AFR, is a compensation factor which accounts for changes in the frequency

30 ratio of the flow tubes in response to changes in the material density flowing within
the flow tubes from calibration density. Speciﬁ.cally. AFR, is determined as follows:

AFR, =1o(p.) - fp(p.)
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The raw fre y ratio FRerr] is determ ned periodicall | ssed _
above as¥ g’“f@?l o of the tw st node frequency over the b%ﬂﬁ%ﬁgiﬁé equency

of the viwhére fao,§ lscavpblyhemial ifriB], ¢eatibratiorcoemsityt efdmbieriabpl thenfipve tuls)sat i on

conput ations for physical nounting, tenperature, density, and estimated
mass fl ovarzpropﬂate(memﬁculabﬂ@wmﬁ@r@d tipatis RpglyReMIa i e (PrRSENYY

LorT] R dRppsdr °de[3épsﬁ,s.%(et§ ieleel i Ty 1PY L8 HPproRfaR 1 Ber Phlicblar; 1 ¢

conpensatg gdrue which accounts for changes in the frequency response of
the flowtu es |n response to physical mounting of the flowreter. The 10
physi cal nountARB,,d ambmp‘dnemmmwhmtsacmmw&li thpgt‘asmherfremtenayt er

the vibration response of, the flow tubes as co tot i C

oot | o 1tag ihe e Eihen o resons s BRagesin the Masssowiae HrpBok e fow
[err] FR b equency ratio at installation
or re- ze&gbka‘ @%%ﬁ@awo@féwls %%g%énibﬂo%d to the intended application
conduit) and subtracting the frequgpRy Zflmp neasured at 15 calibration
(FRlerr] nounted in a calibration fix ure§ The neasured install ation

f r equencywherei f(m)fRagalynomis! ining 6hacmmfbnw raje agiiterativehcearreated tiyoughat i on

t t t t t

ot or 14 neamaing PEURES pbPoPTRlfL I e BrriLiE: foyBter, “Fhb yeR? SbW Fatey o ¢/
lib td

barti ou aoTpe EEIBNTALERisHoraud ih f%’*f%ﬂ%“p i}én’o'%m (Rf ol 4 Jeneitted,

(i nstal | ghipzrt, tasTaeontestion dfom tee previoushp esjreatenr value aff ¢he pasheammlingcul ar
flowreter. AFRT _is a conpensation factor which accoynts for changes in the
fr equencypel’!ﬂd orhis perficularspmpansation factapipsefore PrvideRa feadhagk ¢omtielt ube

Lemer at b eyl bbb 3hde¥ hoPARE DAL Epor el ohbosb R chl gt ls.

flerr{g[err]) HavingPiiusnesrpliednand eorectad thé TRiduency aatiel el F@esﬁuréhe
flow tubes) appropriate to the particular flowreter and flerr] ! s a

pol ynomi aassommtéthqrewﬁhéséhbe etermined byrséapiardiaanpyptiomebas dbes)
PO OP" it S8 e A B RCrd BSCEIR Bbsb iy RETRERBRHo,
e pdEBBP 0SB AMIALSy| ot EpATRt L P ety s oihe
det er m neftequenicyiratiovas g fenclion dbpressure may be applied to FReorr. Alternatively,
20 standard table lookup and interpolation techniques may be applied to a table
representing the measured calibration data correlating frequency ratio to pressure.
Depending on the particular flowmeter and ité application, some or all of the
above described corrections of the raw frequency rafio FR.. are not necessary to
determine a pressure measurement of suitable éccuracy. For example, if the
25 frequencies of the vibrational modes of interest for a given flowmeter in a particular
application are not affected by or subject to changes in mounting conditions,
temperature, density, and mass flow rate, then FR,.. can be used directly to
compute the pressure measurément as described above. If the frequencies of the
vibrational modes of interest for a pafﬁdu!ar flowmeter are affected by only certain
30 ones of mounting conditions, temperature, density or mass flow rate, then FR,..

need only be corrected for those factors having an effect. .
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where f[ ewddsloeoge] ) is a polynomial in p[err] (calibration raEansseryisrt

ial i he fl bes) ' o, th i cul f . d
T ) bl SR B 6 3208, s g e
terial i | at i cud . .
1L o BB, SRS i 1 e o e,

frequency feptiparatire! dendityand mbesfibw ragsgrahattheefiebtngiestd chdrgesiingisodd ow
rate through the flow tubes. Specifically, [err]FRerr] is determ ned as

fol l ows: [pardmeless ds freghigitlg avithin the reapipy FYRBSUre] MEASUTeTBERha6CHNac r at e
it ti I ted th h 1 [, i i . iate to. th

par't | cupar Undufigse SohafiondioBe an e AR i HRS et MeaRBiRE obt £ shild ve

[ th t ted | Sy | 3 ;

:: 2 rr egt ;5 g n”ﬁ?g%%ﬁt%% ehg rée)év%l{ngﬁg I '%/ %gﬂ oé‘f@%%%cﬁ @é’%gﬂﬁﬁﬁ%mﬁﬁiﬂ%@n@% és riod.

Thi s part i gnaffected megiiibly affelcted or nbthsulsiéct te ghramgiedés tle Bboubanéntioned ol
on the correction of nmass flow rate based upon previ ous correction

conput at i oftorggncluding pragsuiey PrassuEe ifpdetermingd ofeasueag the twistmasiecy
comput at 1 oreaSAslEnd FRENE i S s R AR e g RS Breutp oy &
assocCi g§1 NGedyrRsiEHES tm&u@p{tﬁsm&ﬁ&as 6PthkBrederil Mvenash ak dedBhbéd®Bbove but

corresponding to a curve t to the calibration data of frequency ratio as
a functi onwith thps assumpfiorathab enepfthe ttequehd¥s uséd inrthecireqaénveyt natio? Bither
standard table | OOKUE aﬂ%di nt er pol ati on techni ques maé$ be a PI ied to a
tabl e repri@edmatateher s depainaler 88 APPARPIAIES & FPR$IZN! Mg uer cfihere @

)., SR PSR ool 1 BRI i b

frequency adveomentioned favtersintt isaffectedty atrelatieé degreecsubstantiatirmess than
measur ement of suitable accuracy. For exanple, if the 25 frequencies of
the vi B9 atisdheltwistdeade frequeaerdor thet flawmeten aneomight accent lowrlrpressurgr

| i ' ff d b ubj ect h ' ' .
o o oBbfRRanC DR SAA R R RochRA FockRRUBAT ot o
used di rec;;rlegsgﬂ; PREBUfsmbEar BResdlfe BBAPBhSatidH. as described above. |f

the frequencies of the vibrational nodes of interest for a particular
flowneter are altfie@pparent onthpseesskiliachirstheoadsthet theo matheds ofthe tpresent

: ]E g;fp? nggrigg%mé}ﬁéﬂoqﬂymgﬁgg%bg%vﬁ \?ib%{rji_ansge geRl[:éa_l{orrAetgigs? dT}?en }T}éaggre%érgtea ed
20 tube of a vibrating tube densitometer is excited in two modes of vibration as
described above. The two frequencies are measured and processed as described
above to produce a signal indicative of the pressure within the vibrating tube. Since
densitometers are not used to measure mass flow rate, the pressure measurement
is used as a pressure indication and measured density compensation and is not
25 used, as described above for compensating the mass flow rate signal.
it is expressly understood that the claimed invention is not to be limited to
the description of the preferred embodiment but encémpasses other modifications
and alterations within the scope and spirit of the inventive concept. in particular,
the methods and apparatus of the present invention may be applied to Coriolis
30 effect mass flowmeters with a variety of tube shapes including so called "U" shaped
. tubes, straight tubes, and others. Many variables contribute fo the calibration of the
- methods of the present invention to a particular flowmeter configuration. Therefore,
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may occurwégﬁé.m@ﬁe of the vibrati-onal nodes utilized for FRAldhTIhA"

fl owmeter nay not be affected by changes in pressure, nounting conditions,
t enper at uthe ddtanshaown amdtheaearidusoigures dés onlyt Hustrative. cBeeause Qgéhe paglyanges
in those parameters is,negliqgible withip,the required pressure neasurenent
accur acy. variabigs dpvalyed dt t?%eo?fssuﬂ?ﬁcpm %P@Wﬁ"ﬁ%‘ \Faﬂge% Pég‘gﬂ rvélﬁ E’S?
measduri ng . i cy. An exanple is a flowreter having a

bendi ng nﬁ%ghwfgaﬁgﬁg%ﬁt éﬁﬂgggunaffected, negligi bly affected or not

subj ect to changes in the above-nentioned factors including pressure.
Pressure is determ ned by neasuring the tw st node frequency and directly
relating the twi st node frequency to the pressure. This is 10 acconplished
t hrough the nethods of the present invention as described above but with
the assunption that one of the frequencies used in the frequency ratio,

ei ther the nunerator or the denom nator. as appropriate, is a constant

val ue. Where a fl owneter has a bendi ng node frequency, for exanple, that is
affected by the above-nentioned factors but is affected t0o a relative
degree substantially less than 15.is the tw st node frequency for that

fl owreter, one mght accept |ower pressure neasurenent perfornmance and:
utilize only the twi st node frequency for their pressure neasurenent and
pressure conpensation. It is apparent to those skilled in the art that the
met hods of the present invention.-are equally applicable to vibrating tube
densitoneters. The neasurenent 20 tube of a vibrating tube densitoneter is
excited in two nodes of vibration as described above. The two frequencies
are neasured and processed as described above to produce a signal o

i ndi cative of the pressure within the vibrating tube. Since densitoneters
are not used to neasure nass flow rate, the pressure neasurenent is used as
a pressure indication and nmeasured density conpensation and is not 25 used,
as descri bed above for conpensating the mass flowrate signal. It is
expressly understood that the clained invention is not to be limted to the
description of the preferred enbodi nent but enconpasses other nodifications
and alterations within the scope and spirit of the inventive concept. In
particul ar, the nethods and apparatus of the present invention may be
applied to Coriolis-30 effect mass flowreters with a variety of tube
shapes including so called "U' shaped. tubes, straight tubes, and others.
Many vari ables contribute to the calibration of the nethods of the present
invention to a particular flowreter configuration. Therefore,
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data showq,Psksd7b@ 'various fi gqmﬂl Hj’rw“llll trat i ve. BeGgdgss9fiagzhe many

vari abl es invol ved, ,|t annot he nunerical val ues shown
will be reVdhatjsclaim by others. -52- CLAIMS' 1. A nethod for

determ ning. the1presa%stﬁe9dtfa+ t@nﬁlnﬂ‘é&ﬁ%edreé%ﬁévhﬁw‘maglow 8} {119 Haviy t ube

means (130, 130") conprising t ste ating sard flow tube ans

(130, 130 yipratirty ﬂaws&bdniuml(dmnbﬂ@) (;drﬂapniib@(l‘heméﬁs ofvtherein the
| ongi tudinal axis of said flow tube nmeans is aced i

osci | | atory manmibratingsaid-iow étshe amnsu(6%00&%@bp§aaﬁyﬂmt$rgﬁ4goﬂmaufﬁaﬂ

wh fl t t brat ed; det 702, 704, 706
Zxélsrstepei'gﬁ%fﬂ %&’&fﬁﬁcy_@@s&@dnﬁ o://\/I tlrjgeemaang ?;mr glsggnge to said .)
first v bratlong Ritfi E%S@oé fzbfewmewps ﬂﬁ@@son@h‘ﬁ%@ﬁgﬁbyz%@s@ﬁ ﬂé@vtéJ

vi brating said means (130 In a second vibration no 2,
1004, 1006§nedmsnmresn€kﬁéwld_ﬂmtwmramm mcxd‘e sfssaid fibevtubepe neans is

)Tl SRR L A1 0 L LR S
712, 714 716
(112, 718, 7110) by 67 Rl eSSt i SRR

(756) sai ﬁ)‘h”i?w%dé" hi no64i 106 ownet er i ndependently of the densi ty of
mat eri al ?\rlllggﬁ d mube nmeans l%y calculating the ratio between said

first 1@sonant Gefeguininy (Z42] 744 H163)@embntbmmaantfrequ|em;cgtsaid flowTtube
nmet hod of claim.1 V\/nerel salqdi1 ﬁCQr/!}SFL gl brati og mlg(i vi brates said fl ow tube
means in aMSERGiIMECIRANSE? A Yieratonngde 29 d vi brati on node

vibrates said f H'h’ﬁ% wHeZE . of
claim1 wherei nh%% pr gsuﬁéaP?r%%%mggsﬂ?ﬂg _Zer%r?gg%lcﬂgg\ﬁﬂggg%%
sai d mat er pgtweeh said Tinst reetiert frdqueinayy antl sstic second eesbnaine equenty.

determ ned at nass flow rates of said naterial greater than zero. 5. The
met hod of claim1 wherein said floweter is a Coriolis nmass flowneter.
2. The method of claim 1 wherein said pressure is determined

independently of said density of said material.

3. The method of claim 1 wherein said pressure is determined at a zero

mass flow rate of s_aid material.

4. The method of claim 1 wherein said pressure is determined at mass

flow rates of said material greater than zero.

- B, The method of claim 1 wherein said flowmeter is a Coriolis mass
flowmeter. |
6. The method of claim 1 wherein said flowmeter is a vibrating tube
densitometer. '
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El Abstract :paged .2.. thmmI]LI"u ”III " l!ll The method of claim 1 wherein
' . | ®Oneter. 7.°

said flo %8?70695 a vi brat =ngct ube wens The net hod of cl ai ns
1 and 2 further conprising the steps of: determ ning an uf &I PRUA¥I? mass
flow rate (754Y.of Faednethodrofaaifi dwihegeih sailfyst whiatiohl mude vibrates Raid
deriving S corrected mass flow rate &38) for said material in response 5
to the deflewiubameansdn asbendiogmpdedis @ndurhereinosaid sesond vibration moded
pressure ¢ ] ' : d.ofy claim7 wherein said step
of deter m@ﬁ%@ég@gb%%ﬁﬁ%@%l 2 :JQQPW‘? Q?)‘a first calibration ratio
when said flowneter is calibrated with material having a first mass flow
rate; 5 determ ning a second calibration ratio when said fl owreter
is calibrated 8 th mheenetiodefdlaion 4 fsgbemcbmprsing thenstepsenf: gener ating a
rati o conpensat, on value in response to_said, determnation of said first
cal i bration raﬁﬁ%m"&éw@@es cﬁ%‘?ﬁ%ﬁﬁ‘ﬂ’i"ﬁ? ﬁéﬂb §orespYdinade matesal
ratio w tﬁoﬁﬁgqhggﬁod%&gmg@owal ue in 10 response to said corrected
;o an

mass flow ra _ erein sard pressure is determned in response to said
conpensat ed radefving.a corfeétedBnhss fiow raler(758) formdtstiatewiigthrdggis 58 of

determ ning said first resonant frequency includes the steps of: " sensing a
first & gflewmeterin repnpnsgite thaxjetepninationof saidiuncorrectedsnasssiow rate @540 t h

t he vi brajj e f sai-d.floweter; 5 sensing a second
si gnal (7%%1]gagng')rgg%g@%ﬁagwnﬁﬁ)second sensor associated with the
vibrating flow tube neans of said floweter; and filtering said first

signal and said second signals (704, 706) to extract a signal conponent
correspondi ng 80 saitefinethod ef claimt 1fwisereimthe step of dBtdmiiningtsaigrst - 20
Jan 2000

resonant frequency includes the steps of:
sensing a first signal (702) generated by motion of a first sensor assoéiated
with the vibrating flow tube means of said flowmeter;
5 sensing a second signal (702) generated by motion of a second sensor
associated with the vibrating flow tube means of said flowmeter: and
filtering said first signal and said second signal (704, .706) to extract a signal
component corresponding to said first resonant frequency.

10.  The method of claim 9 wherein said first vibration mode vibrates said

flow tubes in a bending mode.

11.  The method of claim 10 wherein the step of filtering includes the steps

of: N
adding (704') said first signal to said second signal to produce an isolated
signal having a strong frequency component in the bending mode frequency; and
5 enhancing (706, 708, 710) said isolated signal to eliminate undesired
components in said isolated signal to produce an_'.enhanced signal in the bending

mode frequency.

- e e
o e

his Sheet Has Been

LT T



10. The met hod of cl 4,"‘!,””'”4'@ ,m ﬂ' first vibration node vibrates said

fl ow tubewmmmm a ben |cng LND The met hod of cl ai pdfluwdraseizn t he
step of filteri e 704),, said fiyst signal to
sai d second si gﬁgr glj '?'&ﬁgtf‘é'aﬁ‘ BQ{EP'(‘WBG% ge {)ng frequency
conponent in Sauété?ﬁ'ﬁﬁhggmrm%rre@ted ads ‘ﬂBGﬁf‘é?é pi?i)%%resggﬁdl rgéﬂérﬁ%

I sol ated signal to elimnate undesired conponen I'n said | so si gnal
to produceflawingnthmogl ssdiq)flalvmetes i despordientp amdewbcmlonsTdrfesmﬂtﬂmd tobe
claim 10 further, co i si,ng the s s of: determ ning an uncorrected nass
flow rate (’W'Boﬁaﬂbﬁﬂﬁ'ﬁgﬁﬁog% qf%iferi al flowing through said flowreter in

responsg to sai M- 5 i ' | | de
ond's 8 1© 7 Bl bERECRY as owdia (3, 788 Rorufle el BRY Bt o
flow ng t hé@?dg’lmmet@rid mapehes td the! dStBATIRELIER of B&iddaicorisciaf r'n‘éQs fbwsatd .
-uncorrected mass flow rate and said pressure determ nation. The net hod

of clains andsaidpiassHes deter@inatiop. of det er ni ni ng sai d second r esonant
frequency includes the steps of: sensing a first signal (702) generated by
notion of a first sensor attached to the vibrating flow tube neans of said

floweter; 5 3 Tﬁéﬁﬁéﬂh@d%f?ﬁéi@ff‘@e??ﬁb&hté?@ oﬂ&@@nﬁrﬁﬂg%lﬂé °f a

second sensor attached to the v means

and filterrespnant freGuescy miclutes thé sPeps/df) and sai d second signal to
extract a signal corrponent corr @)ondl ng to said second resonant frequency.
14. The met hodSepsieg aifirstisional éF@lpenarateddaometion of atfirstrsemsoratiathert tes

said flow Substitute sheet - 20 Jan

2000 15. #bﬁ@ﬁgﬁwdv?t@éaWﬁ?ﬁ%gW%wéﬁée Tst ep of filtering said first

signal gnd sai dsgpsingh sbetd sighal (EG2) g&ee@tétpﬁy%otzé#@ffaﬁséng %éﬂgor 714)

sai d second signal fromsaid f| rst signal to produce an isol si gnal

havi ng a saftashed todieairpling fiovniahe memefsald flowrseterpanadde frequency; and
filtering said first signal (712, 714) and said second signal to extract a signal

component corresponding to said second resonant frequency.

14.  The method of claim 13 wherein said second vibration mode vibrates
said flow tube means in a twisting mode.

15.  The method of claim 14 wherein the step of filtering said first signal
and said second signal includes the steps of:

subtracting (712, 714) said second signal from said first signal to produce an
isolated signal having a strong frequency component in the twisting fnode"

5 'frequency; and _ ' _

enhancing (716, 718, 720) said isolated signal to eliminate undesired

comporrents in said isolated signal to produce an enhanced twisting mode
- frequency signal. |

16.  The method of claim 1 wherein said flow tube means is vibrated
concurrently in both said first vibration mode and said second vibration mode.

his Sheet Has Been Replaced
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enhanci ng (716, 718, 7 m‘m “uﬂ Il!i g signal to elimnate undesired
corrponegeégé i disol roduce an enhanced tw sti ng node
frequency Srgndl . 16. The nethod of clainms 1 -and 2 wher &GS ow t ube

means i s vi brdtfed dBm:me’tbm lof dlainbdt Whersind skid 8owviubeaheans ieddbratst sai d
second vi brati o The. nethod of clains 1 and 2 wherein said flow

t ube rreaﬁ?ngn%ﬂl% é“t‘?d"&g?u%hﬁltém?yn &t firgdabration mpde and saidisecans

Vi bratiogimggnﬁ%éal d second vibration node. 18. The nethod of clains 1
and 2 wherein sald step of determi ning said pressure includes: determ ning
aratio (756) between said first resonant frequency and said second
resonant frequency; 5 conpensating (756) said ratio for changes in
" said ratio cad$ed B’W&maﬂxg@l@fp}am Tpathenein said stepsefidetérminingtsaid pasdumher ei n
sald presrmlgi .s determined in response to said conpensation of said ratio.
The MEYH of claim 18 wherein said paraneter is the nmounting

82{‘2'&5 ing o HieTInAYT céto ?Eﬁb%@?ﬁ? A TR o Bl °°°

cal i br at edcond regonast fnequahcy[g condi ti on; det ermi ni ng a—second
calibration ratio (756) when said flowrreter is installed inits intended
appl i Sati on acompsasatig bl saiyatioder ehangesda said mliowauseddysthanges 20 Jan

2000 gen val ue in response to said

det erm ng[é‘é;ﬁ'i)%?égéf&cf S%@@&&%?%Pﬁ?l on ratio and said second calibration
ratio; conpenwersis said ﬁrdsa&ﬁ&swaanﬁﬁé&:d@kp@wweéﬂngangétbu‘?até‘“d 10
wherein said pressure is determned in response to said conpensat ec& ratio.

20. The nethod of claim18 wherein said parameter is the tenperature of
said vibratin

conpri ses: 3 3: IrnO h:?;%“?‘?‘f?? C?éllm 3{;}?%';%;;? gl?'Sop?r? an:ﬁlagf?% ;Qi'mlnswmst er
I'S condmon of said flowmeter and wherein said compensating step comprises:
determining a first calibration ratio (756) when said flowmeter is calibrated
at a first mounting condition;
5 - determining a second calibration ratio (756) when said flowmeter is installed
tn its intended application at a second mounting condition;
generating a ratio compensation value in response to said determination of
said first calibration ratio and said second calibration ratio;
compensating said ratio with said ratio compensation value; and

10 wherein said pressure is determined in response to said compensated ratio.

20.  The method of claim 18 wherein said parameter is the temperature
of said vibrating flow tube means and wherein said compensating step comprises:

determining a first calibration ratio (756) when said flowmeter is calibrated
‘at a first temperature; _

5 determining a second calibration ratio (756) when said flowmeter is

calibrated at a second temperature;

generating a ratio compensation yalue_in response to said determination of
said first calibration ratio and said second calibration ratio;

‘measuring the temperature of said vibrating flow tube means;

e ]
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5 calibrated at a f:,mtiwmemﬂau U!Beterm' ning a second calibration ratio
(756) whegycpadodel 0 dat a second terrperatmvmgmmrati ng
a ratio_conpensation v spo se det er

gue inr ? En |l &I r st

cal i brd0i on rat cEMpKNSang saict 3'!‘56{? Bﬁopgﬂ%f[?a leg vaiue in't resggag% ?ng

t he terrpergétar@eg% é@@n’(ﬂé’rﬁﬂfré”gnél ow tube nmeans; conpensating said rat | o]
|

wth said rrpensat lon value in response to said neasured

tenperature; angyhdrsihaiaid paissuy issictierenined thetesponseth saidroosipersatddratien: d-
conpensated ratio. 21. The nethod of claim 18 wherein said parameter is the

density of said material in said vibrating flow tube neans and wherein said

Shen sard T oaner i Demetiodis i 1 Miofhin SRiadrAine s b b Aivhrsen?)
det erm ni ”%a”keﬁﬁFﬂ”é’acéaJlbﬁéhﬁb'f@W fufd MelahdBndWhBreiRisaid compehestin step

calibrated wth material having a second density; generating a rat
conpensat [ @ampfm*sge in response to said determ nation of said first

calibration ratio and said_second calibration ratio; nmeasuri ng
the density of Setermiging:a first calibyatian yatip éﬁﬁ?d“h?’bﬁ?'ﬁtfb’é”’ﬁé’tﬁés cafjbrated

Substi t teseet fing said ratio wth said ratio
corrpens "&g‘%‘%“é%‘ﬁ’?@g ft}%n@al heasured density; and wherein said
pressure '5 det feterfffingn af §§§@rﬁt§&:éﬁ@réﬁjrﬁ rﬁﬁtﬂﬂ?ﬁﬁ}it\ﬁﬁeﬂ said fisWieter2fs AN
apparatus for determ ni n? pressure within a flowreter having vibrating tube

means cont galibratedrwitbrsaid material haying asecorddgnsiéy.ng: neans for vibrating
(20, 2008) said flow,tube vi bration node

| ongi t udi nal ax 9§"6‘fat‘§8|%%&9’?%%@”@*@&6&%%@ $3{d gfé?%'mxnatlon of
axi s when S2ETRRFGAlbTAMA R 453 SBSdcoD o IR, < ans (16, 18]
attachag@ to andmeadsuringdhbydensity of shidahategial Irosaid vibrating flow tube means;
compensating said ratio with said ratio compensation value in response to
said measured density; and

wherein said pressure is determined in response to said compensated ratio.

; 22. The method of claim 8 wherein said step of determining said ratio
includes: | |
determining a first calibration ratio when said flowmeter is calibrated with
said material having a first mass flow rate; |
5 - determining a second calibration ratio when said flowmeter is calibrated with
said material having a second mass fiow rate; | '
generating a ratio compensation value in response to said determination of
said first calibration raﬁo and said second calibration ratio;
- compensating said ratio with said ratio compensation value in response to
10 said corrected mass flow rate; and " |

wherein said pressure is determined in response to said compensated ratio.

23. An apparatus for determining pressure within a flowmeter having

vibrating tube means comprising:
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t ube nmeans operabl e to generate si gnalé responsive to the notion of said

flow tub ' nmeans (204) responsive to said vibration of
sai d sen?%g%s for determining a first frequency repreSEHYNEHIIA2 d first

vi brati on node meanemmmﬂagwemoomsaﬁ flow tubetmeans i « ArkRvibddtidn méaes)
said fl ow tube neans secaon bration node wherein the |ongitudi nal
axis of said fmﬂﬁﬁsui?é VM&H@Ql(@BBZ“Ld?QQBhé@d fiow dube soeansiim aysenomder

fromthe on occupi ed by said |ongitudinal axis when said flow
t ube ngan{s’ﬁ?ést'ogpﬁoybbr ated; nmeans (204) further responsive to said

vibration of sgbfssranears (Yeans8) éﬂécﬁwt&rwvmﬁhtﬁugsmﬁpﬂ%é AR e erdble

representing said second Vibration node; means termning a
ratio (21t gmmaaggalsaesposswe K@tflaanwoamj said ﬂbwénhmméansquency means

for measuring the de 4é é‘: % of said material in éj vi brating fl ow:
t ube means; rreﬁﬁ‘?"lso&sdc SSAOAEIVR IO SRIY PERTY ("?P?F Rigppinieg ta figsti d
measur ed ﬁé uem zﬁdd?él‘%tﬂ% nfzcﬂf .determ ning said pressure (212)

of” sal

i ndependent 'y ensi ty sal d material in response to said

conpefBati on oCHARACTERIZEDIN! THASubstitute sheet - 20 Jan 2000 23. The
apparatus of claim 22 wherein said first vibration node vibrates said flow

tube means in meeasd2Ad) reaponsive) toasrid \wensor mearisdfos eleterniviry atsezondode
vibrates pghferddy st daif S5 Vibkdlich fbigg! ' "9 mode (12). 59

means for determining a ratio (212) between said first frequency and said
second frequency; | |
15 - means for measurmg the densrty (204) of said material in said vibrating flow
" tube means; |
means for compensating said ratio (212) in response to said measured
density; and _
means for detennining said pressure (212} in response to said compensated
20 ratio.
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