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DI AGNOSTI C APPARATUS AND METHODS FOR A CORI QLI S FLOW
METER Background of the Invention 1. Field of the

woOnvensies The present invention relates to di agm/cmsndos/ossssl
appar at us and met hods for a Coriolis flow neter.

St at enent g’ Cor| oI | S
mass fl ow g é%?gk&‘@ ot her
i nformati on of a pipeline as

disclosed in U S Patent No. 4, 491 025 issued to J.E
Smith, et al. of January 1, 1985 and Re. 31,450 to
BackgrdindIfithé Imfentiebr uary 11, 1982. These flow neters

have one or nore flow tubes of different
configurations. Each conduit configuration may be
1. Fi¥ld mse,ﬁl@w ng a set of natural vi brati on nodes

i nc for exanple, sinple bendin
The pmantan\f@ ienaelass &ydinsepsgc a&?ﬁf%tﬂf ¥ @9%%0 irfg: °§1°:lh§§§w meter.

fl ow measurenent application, a conduit configuration
is excited in one or nore vibration nodes as a
2. Stiveineriti gllthd Prvbent hr ough the conduit, and notion of the

conduit is neasured at S | th
S kot o0 S B DR RS o M e iy g o
1nfon§1ﬁ§(§ne'6§ Rh@rifef fieRel thrfdht abyiptlie eomchred MASH. S)fPatent No.
| ow tubes and tghe rmterlaF within the flow tu

4, 491m5e1:sm|d thJcE\sSmﬁh,cﬁttaheOffla@Wﬁelb dP3% prinRe. 2bAnRRER é@ Smith of
reon BT T s L PR, T e A 08, of it

conﬁ@b@ﬂbﬁsﬂbﬁcﬁlfwn@m cenfifigatidromayetee Wletwdaasphpmhg meset of natural

connected on the outlet side. A dr ver a i.es force
vibratign trhedes| Baldnge forrREamRIF c TEYE dE8 lp&etorff 1y sl ghd"Coupled

modti%scﬂl t%%vgal (’T\%ﬂs tn]l&]@g ?lo{)vsm%uféﬁ{e%f hﬁJhcﬁt &1\’"‘&'&9n(‘hﬁf &ﬂﬁi@uratlon is

pol nts al ong | ow tu e oscillate
excited trhorgerori rﬂﬁﬁtvﬂhraﬂlorpimﬂdex asAsmaterial féqwaaﬂhrmguth@ cqngluft] g motion

t hrough the fl ow tube, |oI| for cause each
of th?)%‘i’f}ﬁlﬂlg[é?’ BRSO fRf‘B% ?18%@\‘7@03 1B‘Sffer ent phase

Wit GESRREh h{bd@é R th® Qhatéi$al ilRiaTs yistetnsl hrevddiinbé .in Thaet by the
phase on the inlet side of the flow tube Ia(%s t he

comtgnéd/mass whitheeflavhdubsh zed the matesiab within the v tabegs Mplgrial flows
ors_ar fhen t

o AP SET I oL s B SRR 00100 ol B e

matefibl Isftﬁeﬁfﬂirdad%d kodgdheht Iflow tubber dlowt tubesdarfdf exiwribe flow meter to a

points. A phase difference of the signals received
pipelipenpnperiedenihgodtlptsidal cul ated in units of time. The

phasg: dl %é:fﬁ e§ g%@rcﬁ &5 WRaTbw AleS TRS Mrc SRS the fidw tube to oscillate.

proportl nmass flow rate of the naterial

Wheh! thwierig tiohmetegihl flbwirfg tnoughbthe dtovf imedert alh@ointyjglonges ow tube
osc1lfla{tg Vv\el‘ghatar? 1c({)entlc!11l phase. As a material begins to flow through the flow tube,
Coriolis forces cause each point along the flow tube to have a different phase with respect to
other points along the flow tube. The phase on the inlet side of the flow tube lags the
driver, while the phase on the outlet side leads the driver. Sensors are placed at different
points on the flow tube to produce sinusoidal signals representative of the motion of the
flow tube at the different points. A phase difference of the signals received from the sensors
is calculated in units of time.

The phase difference between the sensor signals is proportional to the mass flow rate
of the material flowing through the flow tube or flow tubes. The mass flow rate of the
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lmaterial is determined by nultiplying the phase

difference by a flow calibration factor. Prior to
wonsesakoasi on of the flow nmeter into a pipel i neCTIS2003/033531

flow calibration factor is determ ned by a calibration

racess. Ln the cal.ibratjon,.pro [ i
B St embai bk P SRRORLE SR TP A Ll o
Prior [ {8€irR{:PRA6A | SINthBetidwe eefeh €ntoh @zﬂpéﬂn‘ef ehiedey aalbrttien factor is

flowrate is calculated. One a

s c dvantage of a_Coriqlis.

deterinsd byerealibetion rocerer & dicccadbrationi MacEdnh SASHR gfu}cﬁ is passed
the viibratin . T i ' .

througl Ty PR, Hbd s 4 R R GarcliR, bt BSTRICH bl e B BB Hiference

and teNfléReatkliovaltuixedand the flow calibration factor. The

phase difference_is cal cul at ed fr?ﬁlsinusoidaL

r dorg q@@nfqg@ it fareoriolisfiave meter;is tha WIS A Ibosfﬂol\qn%it | gﬁ)lo%ents in
the V?:g‘%tﬁllg) 89 Rbs. PRe D& Ilfa{eoi’é’ ddiifrinelingy hldpigialki the phhendifference

ot 'I's proportional to the material and cross , _
betwascsioophts pndhe flow ésbexindt the flbwoalibigtien fapkesy Eheplase difference 1s

calcuénaggcf ! g\%nglglhsﬁg%l: sgg?na h%%giggcii fg{oi‘?{e negscelsn%&g iﬁ&gatiligoﬁfqus%iélaﬁon of

. y wear o
two GRARVRERE TokNtubBETH MW FBEB Lo iMsR) 8¢ prapbriichabtoptheiagerial and

that material properties, cross sectiognal properties
crossapettiohel stqplertwes@p e Hov| Bhet TBaretosm %ﬁaﬁﬁ% ¢ piyhg phase

. 0f the, Cordolis.f i . .
e R4 PG LM el T SISl copponens
the flots fakfeess of the flow tube are caused by erosion

? F%;I@gr? ifrig ggﬁg‘tﬁ%i tggtd%tpﬁggzrg}laq%ﬁv#g I%)%)gs g%/crsig)%%llrep;rhpaelrties and the

stifrlRYBE 4 RES Bhcdn Ading usEOLIRX RIS floly thber. dhanlges in the
I'n Cross-sectiona roperties of the flow tube is the

mateﬁlﬁhp?Fe'rtm tressrevional piofienésstand ssidnsesdotitie dlovy BIbE Fe eFused by
t he ow tube. A se d.e I . j :

oot AT cp BB S3RY YL Bl SRR W o e
chan%ﬁ@%ib@li&ﬁnbﬁﬁfn@é‘ﬁﬁ Rhpthturgeese efantpieof thewhingsdn amnes-gectional

ecrease in cross-sectional areas caused bg coating of
propetiies of the flamw ulisyis thetchengs 18 the mrmsst efHReHaI w@ ¥ gprosign of the

change in the ert al Lt d . ' .
oIBR8 BB 1 LR Pl BPREAtnl propric o
the i@ tibOw @ainckaat éfohe et of thaf flawéutid g ardearease [if crosesectional

ow calibrati fact f the f .
arcat peaed Ry €Sv e Bot v erab Ny oh CafsigRa ey fshmes i
the %Qﬁﬁgiggggohelﬁﬁg,acgﬁgrsfeéﬁﬁal PRSEMIEAEE] stifiRdse bR fldvaerke daf change

. or a systemthat detects a possible
the fitvargEbration fetoratf e Bow maspeHithe owmabibrtign f3qiqpd|the tlow meter

properties and/or stiffness of fl I ngicadk |
2o e s 0% 368 B’ DAL P T o
inacB"Etfa?er. THBMFRE. thBRGEH haddEin (HaEdrya btetrhibaiStsterts oposTibée change in
above and ot her problens are solv F an&Ban dvance.in .. .
the tiateriat prapsrtieshéressetbctiond REPCLFE aﬁg Gyise ??S&? aaf?%“flgllb&ﬂidlcatmg
that%e? ﬁn\égﬁl t;c%}‘ t10Gmb0Gdd BMhé 2hliBiahb W IndiaGhef b&Madeurate.
Summary of the Solution
The above and other problems are solved and an advance in the art is achieved
through the provision of a system for validating the flow calibration factor of a Coriolis
flow meter through the determination of flexural stiffness and other parameters. The
described validation system can be used to solve either single degree of freedom models or

multiple degrees of freedom models.
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flow nmeter through the determ nation of flexural
stiffness and other paraneters. The descri bed
woabisdaei4sn system can be used to sol ve either peTugk®3/033531
degree of freedom nodels or multiple degrees of
fr eedn, }m I f "giﬁ)% is
capabl éeTéof s%sls?/f?ﬁgeasl@r%gpg sgszzrfﬁggﬁdgfe ?&%gledo él%gg}égl%g%ﬁeedom
modgig inphelempaswring ghe hbet silffnest vithremsauxiliary displavemiehi sangor. The

i spl.acenent .sensor. .The auxiliary displ.acenent nsor :
sl PR RRBRE R 3ERRRls wind &1 ik Tl R PBR Rk (BT force i
applied a6 it @pPl et bad the debanhd uRgleans ihenda8Selit byGhe auxiliary

. deflection is measured by the auxiliary displacenent
dispdegegsnt sepger. rBpursuliieg whb stidagss Cakeusedn prrgij shangss in the sensor
Cahgﬁﬁgh?&x&panges in the sensor calibration factor. Some

exanpl es of the validation system capable of solving
si nidmee chemipdes affthé valathtion spah sapabtd afdelvaxsd singlk ideg@ree of freedom

be stjffness froma drive | oop.frequency response. :
mm%ﬁi%ﬂ}‘ffﬁi?eem prg oﬁt@g‘e? ¥hi% %HP%%?&H%Cgterﬁ& sThe drive
loop %s?ibiﬁ\@ ElhcEEN cBfafRrd SERIKRH thith WhEeh LM &) ?ﬁﬂeﬁfta &Re flexural
~of the flow tube. The resulting flexural st ' T7ness can
stiffpessuafettie flowpiubeli The cdsaltipgFlexnral kigffissssn sur baadeidlso atddiot changes in

factor ... Sqone anpl es of the validation system capabl e
thes(?nsgro‘fa\ji]ibﬁagmﬁlfg%?lbl e degree of freedom nodel s include

est3dmé ieRBmbIeb o fSthi f FaligsGord ERMRMTABALIPVTHBBERE Snulfiple degree of
response nodel representing the flow neter is

freedgrnvmpdadainchids eapaalingiwbe ptiffimse fieagapdehpammetes.t/hgsponse model
t Y& i C .
rep SRR 00 by TR G oA FL 2, D A C PP OBA modet is than
constritddf e ss papdeadampdelg tIhat ploaivabenadee dohairdepauitietees af interest
. Change in the calibration factor, In some exanpples, .
incIiBegabs KGR Sb ARSI IHE (oGl P aRed D rFATR fofhapge in the
calibegde &g cancel out changes in the properties of the
system.that change with tinme. Correcting resonant
f r eyueneyexduwlesothehbtryamuirad muisebe aepediacdir Moirgalimton is needed
exanpl f the ed for.normmalizatiop., Sone ex | es .
to GHERE Bmmsrnn dhe SyeBHi HioRtde Rt N ST A0 VA QpgPe  Comecting
resdr@fit G@fliceyi AR ©f cHaRges IOWbeabmpERtir® s bAS eRimpRI (¥the need for
i near or non-linear equations, trending or
norpgliZdtion| ui d cal i bration. Descri pti on of the Draw ngs

o . .2 . .
of T8 | SRaRIGsD0P P At SobloBl A B SHE Bpitus for
coreyiidrent ithe Howeosdibatien dhctbhasing\@ein e@nnorFlifzar 2quations, trending or

]l%ilnhuatr tes a validation systemin an exanple of the
mMuilUHACPINANR-G 4 | lustrates a validation systemin

DesRPip&oaBR te Dlrawitgsi nvention;

FIG. 1 illustrates a Coriolis flow meter in an example of the invention;

FIG. 2 illustrates a validation system in an example of the invention;
FIG. 3 illustrates a validation system in an example of the invention;
FIG. 4 illustrates a validation system in an exan;ple of the invention;
FIG. § illustrates a validation system in an example of the invention;
FIG. 6 illustrates a validation system in an example of the invention;

FIG. 7 illustrates a validation system in an example of the invention.
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FIG 5 illustrates a validation systemin an exanple

of the invention; FIG 6 illustrates a validation
weypsis@mni4n an exanpl e of the invention; FIG 7PCT/US2003/033531

illustrates a validation systemin an exanple of the

L nvent i on scription of the Invention FIGS.
Detafle_dﬁgsrﬁ:alq (ffghe EW%%S %escription depict specific

exams| as7 taad e Ghlldwiag edesdtigtiondddpivt tdpecific texhmpies do rakeh those

and use the best node of the invention, For
skillegin s art GPWt ©ABHINIG Wipdhe Peas e oL inyertiggpyator the purpose of
teach: fﬁ%@ﬁtL\%r}ﬁ’ né:?in %hﬁle%}{%&ﬁ%ﬁﬁ &0 hiveetkenrsiplitidd8r omitted.

e art w recliate variations
Thosé kkifited le stes axamﬂ@prdcta&t VefrailtlbnSI\ﬁbm ﬁhe$dﬂ@(agm?$eth@1f falhgithin the

I nyention., Th skII i.n t rt w.ll
scopg fthetipyention; ié]é]@& nbgff ad-gyv a}&}gﬁm%tg t@%r%? gﬁr%s described
below &b BH SoMB¥Rd iR vhRsWs Whklstth Bben wailtié veidiodt of e 1nvent1on Asa
Invention. As a result,” the invention is _not |im

result, the ingergivacs hpth@:zcadrm s spreifes prsaplesedestid eélhel%lbw Bgﬂy by the

the clains.and their equivalents. Exanple 1 Factors
Clalnlsr?ﬁfl%%ﬁ‘”f%aﬂwq’l Wural stiffness also affect Coriolis

Exan’i%l@‘f’ meter sensitivity (flow calibration factor).
exural stiffness is the static spring rate derived
f r Bavtdrs eheit affetthBexfuldwtiffubms albot dffeat Konools flow gectpratensitimity (flow

and meas e f e displ acenen
calibpiop dp¢io omﬁq%“ﬁg %@%&sstlé%ilﬁs% anlgerQﬁr({fP Az?aérp i ng%gng the flow
tube itld Qn&o@vsn kdrcd Daltéadrddembasufifig aRe ERMRILR, dibplécement. Any force

exural stiffness for a clanped beamis as follows: F
pattem dandbe (ded td nacaimsrftexurl stiffiipss @s (qqe; aspt is 1%5,1,%‘0 As an example,

m - L h
the f{gbﬁ?la &1 eéig‘%) Cl%mP?%ggls}So?E?qog‘v%vriIu{tj)le( F?)r a CgP?E)I i s

flow meter, if fl g alFstiofEhess changes, then(Bo
must calibration factor, Fi exural stiffness of a
Coriolis flow neter is %eflked as: (2) where: Cp -

WheI%ffect of feree pattern on flexural stiffness; CQ
ef fect of unflexed tube bend geonetry on fl exural
st Ff-f neFsice (N);

E-  Young’s Modulus (N/m?);

I- Moment of Inertia (m®);

L- Length (m);

Kaex - flexural stiffness of flow tube.

For a Coriolis flow meter, if flexural stiffness changes, then so must calibration
factor. Flexural stiffness of a Coriolis flow meter is defined as:

Kiiex = CpCaCs[EI] )]

where:

Cp - effect of force pattern on flexural stiffness;

Cg - effect of unflexed tube bend geometry on flexural stiffness;

Cs - effect of unflexed tube stress on flexural stiffness.

For a straight tube Coriolis flow meter with no pre-stress the following expressions

show the dependence of calibration factor on EI

m= C[%I—}A T (3)
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Cs - effect of unflexed tube stress on flexura

stiffness. For a straight tube Coriolis flow neter
WQi2005/08014pr e- st ress the foll ow ng expressi ons sOowSkwa8/033531

dependence of calibration factor on El: [f1So the flow

So @Rl fldw adlitemidra@ber (KEORbr fefstrhildft ©bE &l ght tube is:
OFCF C (4 \l/\here C(I s a consstraI% det er mi ned by node

sha 8_§_koff locations. FIG 1 illustrates a
fow neter 5 capable of directly estimaf4ng
flexural stitfness by applying a known force to the
whére @ustauknastaahtbtemm&ﬂrbﬂgod&ﬁla et picR@reREARBE ON.

I t 5.conmprising a flow neter assenbly
To B Tibuister Crgalic élozfomem%e Fansblecof diatly @omagng flexurel
stlfﬁl‘égm%gft 8 1§ﬁg”§t1§{ov@§§“ Iy 48 ¥b& tu%@gsaﬁao%egs 'ng the resulting

rovi de ensi ty mass | ow r at e, VO
deflegiicgl. | €edolimd¥ow |metermrid cotprsing nd otavatmeier cmsﬁmmgatt{) and meter

ter a 10 |nc des a pair of flang
clechbpick, A WP CIGRRBIET Y 16 Somrator G pigh asrbal A eads 100 to
proid8 BderSnpn eeise dfiew fAOWybMBRS 1543 rde anctat by Biadf Slow and other
driver 104, pickoff sensors 105 and 105" and auxiliary

infogmation eyergsfisdt 107. Brace bars 106 and 106' serve to

1o Ean e BEERLK A heldeBO Qb W EleRETEL meC UGy 102 ang

flow gubien 383 Aaddi108B. Gomidoeddito elombesn (3nQtand NOWMR) arélai¢Er 104, pick-

I d, terial enters
oft §iHigs i e 408 ety Gt PRNBIGHoRToR 12 Ras bigad 68emd 106" serve to

defih® IRUSRs WRaLd W Abd B MBRERn MG 1?5?5 €03 Rlank %Oﬁ% P?c?ltleﬁgs to

enter fl ow tubes 103 and 103B, t hrou
t ub&hen GlewAmaied agse@Blyahelistasdttei rifito mplpelﬂrcd saystbﬁﬂ(nwhﬁfoevn) which
fl ange 101’

e BORETR S B R0 e

101npass¢setﬂu¢1;ghrmmmff@t1doiG;ale‘f@t@Sm&ten&laﬂ %&Hﬂ%étt@@ﬁﬂeﬁhw tubes 103A
same nmass distribution, nonent of inertia, and

and épégt flewsdarongts ﬂﬁWdeeﬂ)B}f’dAr@ddﬁéB and-back imto Wianifold 102 where it
exltgﬁl% g%g ﬁﬁ:'lyloﬁﬂgu% ﬁgﬁl%teqla?s extend outwardly fromthe

I N an ess I'y “paral l el fashion. Flow
t uﬂ"é@wlﬂ&sAOBAarrEI di3Bvare sklycteld bivdappkOgkidtely dRRMsddt e mdan\llflold 102

s0 Gy BV ARG ok g St uiion| %B%@Stéggem%?ggand clastic
mod%i‘ﬁgea@(futt béndid LWk ERRLW Bl Vei__d r}@%)éa (Hb%v (f{lbea extend

known arrangenents, such gne nmoun
Outwaidl%ﬂfmmﬁlam@au@@damdn assemmﬂggqawglebfashlonnunt ed to flow

L R
respSchtivteaMrﬁnfgr s Wi &I@W’la‘hda& Riiaeds RYmRBUBE fRdt QRk 0P PhES bending
mod% of t %O\lzver?lgterl ]]-301'1\1/:'6(1? l%zlrglag/rcompmse one of many well known arrangements,
such as a magnet mounted to flow tube 103A and an opposing coil mounted to flow tube
103B. An alternating current is passed through the opposing coil to cause both tubes to
oscillate. A suitable drive signal is applied by meter electronics 20, via lead 110 to driver
104. The force pattern generated by driver 104 is fixed over the life of the sensor (i.e. Cpis
constant). Driver 104 generates a constant force and auxiliary position sensor 107

determines the tube displacement. As shown in FIG. 1, the auxiliary sensor would be

positioned near the pick-offs 105 or 105* however other suitable locations could be utilized.
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104. The force pattern generated by driver 104 is

fixed over the life of the sensor (i.e. is constant).
wOonoos@s0ii®4 generates a constant force and auxPCTaiS003/033531

position sensor 107 determ nes the tube displacenent.

As 0 i,n Fl 1. the . auxil.iar n .
o IS RS RS Qe SO00Ey SR v on tacs
111 @hhdn 15 wédpebiiely acdticombe cispladeientudviet ileaddl 10b Mater electronics 20
el ectronjics. 20 receives the right and_left vel oc
it

It
prodyogmie siriys seanel oy legA 118 adich qapsedriver 104 to gigyiaig he%ﬁg}bes 1034
LRt i iple drive signal
ot 95 T8 HESp PGS TERENEH 1LRAY bl frodlh i g signls
fronwiiudtiple aivess. datsresledhids@opwictdsest keftf dndwighh velcitp8ignals and a
and 103B. The present invention as .described rein
P e SR © F T B TS SRS B PR pon ystem of the
prestht UReftioVEPRh B4 §RéFiON & iAPutPARC 88 SR¥put Shbar@Nthat bD&Ws meter
vel ocity signals and a tube displacenment signal to
clectronios 2@ tovnserface svtly ax epezaier- pr ovi de t he val i dati on
S of. the present.dnventi.on t 6 A . 1
STl G Sl R Pl PR Bof BB Aot Coro
flove hRedr rONies c2Bulatedi chhfgek dn éts Vil ekbrad tiffipas.aPoscess2@B bkins in step
Wws a process 200 for_validatin

h he flow,
21003 FB DB Knar geregrto dlpy Grhes 10p gm%cﬁ:%mé) driyer Hy- In step 220,
auxﬁ%bp gbgﬂlgﬁl SERRPIDT % %rh_tiﬁesf ﬂh@ﬁ%@ldisgfaﬁérﬁ&ﬁ%sulgﬁg)%‘fr? the force

egins 1n step by appl yi ng nown force to
appliédby titibes] (M0 STHS B usalrsti fiiessy Erewl B4nedsnred timptep 280 using the force

end i cibafeRen) S sy 1Py -1 O QU gt Titess, Ko, i

retridbid B std®440 Theid previdtdfiealrhll §il@ess is eteriBRE WitRE dt fhe factory or
step 230 using the force and tube di splacement from

aftes thepeten § installeR Gtep2 Mt eampares Kice pithdfoadpidetopaing if dege has been

retri.eyed.in_s 240, [ evi '
» ot i 058 tpRad fERRED 6 MY fefF oYt A Rndde il Hoen detectod, step 260
sigiialt€a M Bfrof Scondftioal dnddtepddtLihe 2bébes Nifar dmnge st theeflIddtected, step
to determne if there has _been a

~th chqngeg%n tge
270fqoaeeis dhe owrophlaton factos dFGE) Rased pp thiesUERSISFBaMEEs been
Exa 1gsted, step 260 signals a "no error” condition and
‘——%g%eats the process. If a change has been detect ed,
st eflo@7fibe dlexer stiffiss fchowisodie detertrinsd FiaestionatinE@e)nts on a tube

based on the stiff change. Exanple 2 Fl ow t ube
eSS PR <R3P B FARTEL i PRt b wea 05
sin§§ HEsrRL bR deNodhd $e ahd SARIBNTYeri@EBB X (e.g. zero crossing)

unction (FRF) at given frequencies. These points are

pointrerthad®f.to fit a single degree of freedom nodel to

the. data and .finall L er o ne. ( _ P

SR RS Sl (8 ey movis
freiRNEY AlspEnsp fRssionns hdmearypmbinsion Of D OFulebmmatsed)

nobility frequency response function as a |inear

conbi nat i*on .pf\ < re s: / "~-ms2 c-.s + C§)
or equi vqfér]ﬁfil—%m}sédcpy:k{mere v is the pickoff ®)
velocity, / is the driver force and H(s) is the FRF of
interest. The

or equivalently modeled by:

LA I Y — ©)

f = 2 ost @
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drive loop frequency response can be approxinmated well
inthis manner. In fact, at frequencies near the drive

wobnreguwsniay, only one termin the sumation i s PEGWISL®A/033531
for good approxi mation of the frequency response. If

nor e
wher R SR LS TBh e B PRI st T
driveAfoopn frdfi@ich alekychst CahNbd UgpRGiMaEE vvemlels thi‘shmai‘mejhém fact, at
frequency nodes coul d be nasked fron1the dr.i ve | oop
frequfgn@qmwym d5pe fisauenpyseily one fm Rehe SEBHMAHAR &5 regpged for good
I
qqm%%%%,BnQﬁd%@ %%ﬁilc ?&%Bn%hquﬁﬁﬁg oopgfrequ ﬁ%ﬁMhﬁbmwnda
<$UH?%SQQB&EH%@£&?ﬁ©nEh&ddbmybﬁnian&bmah@mwdd.the node of
e second npde. If the pick-o0 cat ed th
nofté S icrgive He dact 8% URERO eﬁeﬁ?meg}ber oAt ﬁgg%e%)uld be
45 e B PR LSRN LSOBRG B o e o
picksfEspdns e Hesseeend bend swde c(t\&lstsque)syzm benm fiory thendive loop

freqqde;llc}\// Ees!pgﬁ e chﬁ{]ﬂ %D%me? ﬁ)g]atrgﬁ o %e noﬁe (og ef gécoﬁgnrﬁb%e If the
pickdffts Wer-ghﬁcaﬁéd Y& theoidef bEAMaReY nicis PbeS ¢hectaind h&)de is masked from
converted fromnobility (velocity) to recePtan

the drifiedpbfisapency ts§ponpr agivatl; M\@th( g qln‘fﬂr@ilqlf@ fbcgpttfyré tl)\e_ dgjve loop
freqtbeglcgl re]sfzél%ge 1% %ri/d:?osg%o a de}“ Q@%‘n{‘ equi val ent|y nodel ed

+ w 2 The stiffness term
k\ Mdletiag theadrtvedbay mhmﬁID(DFfsyﬂmnrrwults in fhedeldesyingnd
thus is a good predictor of changes in flow cal factor
caused b¥_gh @p_ge_s_Jﬁ_f_Lexural stiffness. To estinmgpe
the stiffness’ pardreierkk\ a single or multiple
frequency estimation can
or equivalently modeled by:

As
5+ 26o5+ @

%: H(s)=

The drive loop frequency response can be converted from mobility (velocity) to

(8)

receptance (displacement) by integrating (multiplying by 1/s):
x H (s) 1

9
f s mstestk ®
again equivalently modeled by:
H A
x (S) 1 (1 0)

F s s 212w+ @

The stiffness term k; is well correlated with flexural stiffness, and thus is a good predictor
of changes in flow cal factor caused by changes in flexural stiffness.

To estimate the stiffness parameter % a single or multiple frequency estimation can
be used. FIG. 3 shows a process 300 for validating a flow calibration factor using single
frequency estimation. Single frequency estimation 300 begins in step 310 by determining a
receptance transfer function (9). In step 320, the inverse of the receptance transfer function

at i@ is determined to get the inverse receptance frequency response:

i m@w)+cqo)rhk .
o) 1 =m (i) +ciot+ k (11)

7



10

15

20

25

be used. FIG 3 shows a process 300 for validating a
flow calibration factor using single frequency
webismaei4on. Singl e frequency estinmation 300 begrms2008/033531
step 310 by determ ning a receptance transfer function
step 320,. the inverse of the receptance

(9). |
Next Ingtepr 330, Peieh® o at iwis determined to get the

i nverse receptance frequency response: iwn\ (iw) + ¢

(i ) + Kim=—fiy limngGiw) +kmip+Hmk)  7Next i t en(12)
330, we TRTER) K7 i co |i‘ﬁ¥n‘§(-¢- Ei(*ei?:o) + |X nlc’JIPWi ieD(
(12) HICO 0 - icolim= =k (13) HICO So for w

(14) H(i ) If is known or is negligible, then a |arger
frequency climser to can be used to estimate g from
ico If 4ﬁg;g@g‘%bfﬁhﬁ own, then any frequencb-&an be
used to estlna}e \ from In step 340 we cal cul ate \
fromexpressions (14), (15), or (16) with in
radi ans/ second and correct the flow calibration factor

So fp@etf:on the calculated k\ in step 350. FIG 4 shows a
process 400 for validating a flow calibration factor
usi ng mut tipe-frequency estinmation. Miltibhe
frequency tirat i on 400 begins in step 410 by
identifying constants r , k\ , z , and using any tine
domai n or frequency donmain systemidentification

If T Bflvn biisSle@RgihRY) thed Lldfgee fikjidricnglqseoasiume beuised tdestimate
to fit a rational continuous tine transfer function

ki figpdel to the conpl ex frequency response vector H at
the set of fﬂgquencies in vector W(in
radi ans/ gecendr-- cfile nunber and | ocation (i(l5)
frequency)—@ﬁaﬂhe FRF data points does affect the

If coht lr}llt dre %];tht lpn%vs}cni, Ehen'%ng %%E{uédcgr ciaﬁ bgﬁggdqg etk A6
f

_iw
' H(iw)

m(iw)’ - ciw (16)

In step 340 we calculate ki from expressions (14), (15), or (16) with © in radians/second and
correct the flow calibration factor based on the calculated %; in step 350.

FIG. 4 shows a process 400 for validating a flow calibration factor using multiple
frequency estimation. Multiple frequency estimation 400 begins in step 410 by identifying
constants my, ¢1, k1, (1, @1, and A; using any time domain or frequency domain system
identification method. In step 420, a curve fitting procedure is used to fit a rational
continuous time transfer function model to the complex frequency response vector H at the
set of frequencies in vector W (in radians/second). The number and location (in frequency)
of the FRF data points does affect the quality of the fit. A good fit is achieved using as few

as 2 frequency response data points. The derived model is of the form:

H(s)= b(1)s"™ + b(2)s™ ™V + .. +b(N, + 1)
=T a@)sM TV ra(N, + 1)

(17)

The above model is incompatible with the mobility (velocity) form of the drive loop
frequency response, because there is no way to force b(N, + 1) = 0. In step 430, we get
8
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as 2 frequency response data points. The derived nodel
is of the form b )s + b(2)s - + +b(N +1) H(s)- 7) s

We 20(5AF6145 + + a(N |) The above npdel is inconmpariusk®s/033531
with the nmobility (velocity) fornrof the drive | oop

arourg{ %ﬂ{ée{iﬁm{ ST Q%ﬂ %51‘[1 eegtegé gﬁ’e \xiélv Ge lacrl%ufnn gq Wﬂ}‘rgt &efoco,ir‘&)e frequency

respdrisg‘ dad kP ﬁlebYec@QtﬁM@é {disgladeReene)r fovar Tk chedstiradombbility frequency
vel ocity requency resPonse data to the rec

respqnst sipladld amsh by mrBipRedTine l/eas Thesetind mebility &ﬁ‘(@ﬁey frequency

respon%S P r@%gulqal%ea Fﬂt_)'{r{rﬂglr s gll{%&é‘ltehf Eﬂr A¥ndl/ thZfokce gw Sickoff voltage

nmeasure ency respon
(pl‘O[ﬁ(ﬂﬂUIIledt@eelf)élW)'l dr| ve coil current (proportional to

force) i ckoff. v Itage ropqrtio cit
CoRareipg Rerorbt 33 (e reD P B BT e B0t ol ds
H(s) in the form Mere (1) 1. In step 440, the nodal
par anet @) o F—Tﬁﬁergﬁf—aﬁg-extracted fromthe €8nsfer
fﬁnctrhon mod@Dast FAF 6% = Ya(3) (19) z = a(2)/ 2/
sic I t
wherfgglﬁs )inkgn h% H%ﬁﬁ% Vh\ll?dr(%l }‘é%%gt%t?% nrbsf %eﬁa@ﬂ E}EE’ eﬁ%ﬁ@edzﬁoﬁ tRPtransfer
funcfid@maddel 49 fAllewe:e t he physical par aneters are
det er m ned, changes in the flow calibration factor as
wel | as %Fﬁ’é]f paraneters, including changes in the
mass and, 3 of the fl ow tube, are de{gnym ned and
te

corrected iI‘n p 460. h addition to correction,
war ni ng: aftPAdl&h shut down can be initiated based on

predeterm ned _criter] Fre
The pgﬁef%l@ﬁraeereﬁ ﬁrrhﬁrpbﬁ celgr?]ﬁbe Vi e A5 namEBRB e ipg auations:
Accuratejl 19sfi mating points on the FRF can be
difficul't' in feal-time. W ndowi ng and spectral |ine
est i mat i%n26f4 éd: have estimation bias \ﬂzs)ch has a
di rect |}grg%5:1/gn the ability to predict FCF changes.
In order 'to'noree efficiently determine estimating

POiCice thephyitcal Riradittere hiendetminénetih ehangedinf the flow calibration factor
wi ndowi ng, a nmultj-sine input is used

as WeHpsothEERnEBp INeTIRE Yeees Bipe g?&é%?l}@ﬁngﬂﬂr?é (B tube, are
deteﬁﬁfr{eﬁaatrﬂ%rfe%ti'lﬂ %téi)le(ﬂﬁ B mdﬂidﬂ-‘t'@ SdrfRstiod, agdrings and meter shut

I'-sine 1 nput excitation signal. The mi ni mum cr est
dowhaah be isitigted bases] arsthd ptesietermingi zetepteak drive power and

Frec}u%nl:xl/ Elespolnger gunc%on etter%{u%lonsUmngaI{/I%ﬁl-g% %%uatlon

Accurately estimating points on the FRF can be difficult in real-time. Windowing

and spectral line estimation often have estimation bias which has a direct impact on the
ability to predict FCF changes. In order to more efficiently determine estimating points on
the FRF and eliminate the need for windowing, a multi-sine input is used.

The multi-sine input method applies an efficient spectral line estimation routine
using a minimum crest factor multi-sine input excitation signal. The minimum crest factor
signal is used to minimize peak drive power and to limit large output signals. Large output
signals often have non-linear components that cause measurement €rrors.

FIG. 5 shows a process 500 for calculating spectral lines used in validating a flow
calibration factor using multiple frequency estimation. Process 500 begins with step 510 by
determining measurement frequencies of interest. The frequencies of interest are

determined from the following:
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signal s often have non-linear conponents that cause
nmeasurenent errors. FIG 5 shows a process 500 for
woabwswsatss ng spectral 1ines used in validati ngrarfuSeos/033531
calibration factor using nultiple frequency
estimatjon. .Process. 500 begins with step 510 b
determ 'Tlrﬂgﬁﬁégtg(ﬁTzlﬁ& frequenci es of Pnteres%/.(n}he
frequencies of interest are determ ned fromthe
followng:f =f + DG |:N) (21)_ Next, a nulti-sine
Nextex siultisingrexsitafion signgl iwetefinedin steps3Zdps520 as: W Wi n-
= (22yhs0 7=0 where, f frequencies for nulti-sine fj
= @hﬁgeggih@ﬁﬁgﬂuw)ti -sine where - p < fi < p(22)
di scr =i me point N = nunber of data points in
mul ti-sine = nunber of sine waves in nulti-sine In
wherge der to naximi ze the input energy while ninimzing
£ =fr€t§.\eﬁgi%l§f U§.sife Orest Factor (CF) is minimzed with
respect to f]j in step 530. Crest Factor (CF) is
¢; = pledst argle dor maki-¢ine whereCR(XPe< 123) xiifIN /=0 In order
_to make effjcient use of the nulti-sine, total
ti = dhsetstrrERe APt i ne, step 540, and total nunmber of
N = A& IatSE R 20 BultTHRE be determ ned. The total
measurenment” time can be cal cul ated using the follow ng
Niin quatbieoof sinpwavds/inDiul{izime Equation (24) yields a
nmeasurenent tinme equal to the period of the
mul ti-sine, resulting in a measurement that is
In ofdePidBhtivniad fRGhRA chyropavialEBhiBimiehatie peakVudud, atCabst Factor (CF)
~ hunber of averages required is normally chosen so as
is mingmized eith tebeecs toady dtnstap 834 GrosoPack (ERbiscisfinparemaams,
to noi se ;he signal -to-noise ratio and its direct
¥p to the estimted confidence intervak3)
y_q?g\Frm' ne the total nunber of averages
()%) r a required accuracy. Step 560 applies

fiti-sine, x, to the input of the system and
nmeasures the '

In order to make efficient use of the multi-sine, total measurement time, step 540, and
total number of averages, step 550, must be determined. The total measurement time can be
calculated using the following equation:

tp=1/ Af (24)
Equation (24) yields a measurement time equal to the period of the multi-sine, resulting in a
measurement that is minimally affected by parameter changes. The total number of
averages required is normally chosen so as to reduce the standard deviation of the estimate
due to noise. The signal-to-noise ratio and its direct relationship to the estimated
confidence interval, normally determine the total number of averages necessary for a
required accuracy.

Step 560 applies the multi-sine, x, to the input of the system and measures the
resulting output, y. Step 570 uses x and y to determine the transfer function, stiffness and
calibration factor using the techniques described herein. :

Example 3
A changing flow calibration factor can also be detected and corrected by utilizing a

multiple degree of freedom model. In a multiple degree of freedom model, a change in the
10
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resulting output, y . Step 570 uses x and y to

determ ne the transfer function, stiffness and
woabdissatss on factor using the techni ques descr PO®S2003/033531

herein. Exanple 3 A changing flow calibration factor

ﬂowrﬁﬁr?{%ﬁg fg“za{q gte eﬁ-{l‘lgﬁgi?rg gggﬁaa)}%&%rﬁg?r%%a ¢ %%sszstﬂﬁl gsé mode shape,
complex fpoRe G, FREE bropartizh dagRitl Npresare] @fd. )oandcaivmbnmbntrah condltlons

actor is a function of nodel paranmeters (i.e. nass,
(temQ@flaWﬁé/s@atlmé@)shape conpl ex pole, etc.), fluid

gggrfd)lg c%e% ?é d{a@ﬁﬂﬁf fﬁé{arﬁ)éta% SHiGatreet ﬁle)ﬂcgﬂg‘ Qal?d?éfﬁ&f)fh@%?t @kesponse

ure ratlon et I n order
mod?Bhﬁ:snﬁm adaerhiacd tRmpmmhfmodels laee hlosble anutbattatﬂlejo rare direct
act or res se nodel_ rmust- first be determ.n
mea%%l}}%‘ﬁs’a@ é&%ﬁzﬂ%cw US| SémF‘i’F? hEESPY RS HP & 181"?”&?"0“&“0“ is

usuaﬁZQﬁ l{ﬁg@@?{ Sf & 1ﬂ1 H@s@fdsp&ihse Sh MU IRF) a_lhﬁ‘ecﬁiehbbﬂ"ééf)&ls% function

sponse froma khown excitation is usually in the
(FRF)orAfterf tharrespops¢ swdek ipdetseninehcthe gesppnszrnogdel is converted into a

fre n nse functi (FRF). After the response
mOdﬁ{}?}gaeel' @%@F’éﬁﬁ?ﬁéﬂaﬁ H%’dof;sponse model is converted
| NtFer @xdﬂﬂ_ﬂ@' inMDEedal ngdid], ttheflowrhbbratisp ficioalis anfidetion Bbthe mode

exanp in a nodal rmdel the flow calibration factor
shapieging mfviﬂl: fieayeneies ahevidetred O alaf’efoaﬁwm&f&areswi% uenci es

as evi de t ol sions: D %UWCF= f
K)— %@D %@# ng%i q?l C | where DYWFCH25)
" per cert %dWERGE §@ ﬂﬂés dalibration factor p -

hflwd density K - stiffness of the sensor. F . node
WhcEhapes | - conplex pole of the sensor's r node. By

perNRUireal | yeltBRaTURhJn FRAS FloRataap®tieh Sactdr! ui d
pr operties and other environnmental paraneters, a

chamgg- flnid dessity ow cal i bration factor can be det ect ed
and corrected. FIG 6 shows a process 600 for
vaIK daﬁiﬁﬁijpﬁ@lefslemrcal i bration factor of a Coriolis

r dergg Iﬁe mul ti-degree of freedom nodel. Process
60 rbgglyl ns Tn step 610 by creating a response nodel of
a %Eumpreﬁpo&ﬁphﬁ%smmﬂmb&the response nmodel from
step 610 into a nod nodel

del
By enedrtlb e g Soaet AAHSHET THISEES0 N Piagdgvironmental
pardider pahéc'}ﬁ'ng@ n 18 éﬁ&%a@ﬂb?aﬁoﬁ%ﬁo@&nfﬂe%t&ﬁah afill CofrOR&s

can rmned fromthe spatial
FIG. 6 shows a process 600 for validating the flow calibration factor of a Coriolis

meter using a multi-degree of freedom model. Process 600 begins in step 610 by creating a
response model of a structure. Step 620 converts the response model from step 610 into a
modal model. The modal model is then converted into a spatial model in step 630. In step
640, physical parameters, such as flexural stiffness, can be determined from the spatial
model.

Step 650 compares the current physical parameter data with previously determined
physical parameter data, to establish if a change has occurred. If no change has occurred,
measurement can continue to take place at a predefined interval at the request of a user. If'a
change has occurred, an error signal is generated in step 660. After the error signal in
generated, step 670 corrects the calibration factor. Correction can either be done

automatically or only at the request of the user.
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nodel . Step 650 conpares the current physical
paraneter data with previously determ ned physical
woanr@mstes data, to establish if a change has ectmse®d033s31
I f no change has occurred, msasuremsnt can continue to
t al@orﬂlcﬁﬁﬁ O?Eheaﬂd% @Qﬁ; hﬂﬁldfabtla} 92[ B acdbm %ﬁ&leﬁetﬂﬁlg%ngﬁs methods
a user. a change has occurreéd. an error si
inclgdingr aodﬁcwnt sd:selpaaﬁﬁﬁ) Afltiefluid healibratom singn aﬂendmg Coefficient

ener at ed Ocorre the c |brat|onfact
et R B G TR ST oDt Gt S P GRHPgR Griayind Cre For
instiiee, 1reRdBaterRi pfoperties OF o ndek&iOfE ﬁﬁ%dt&ﬂb?ﬁerﬁﬂb?atﬁfeo%lues for Crand
calibration factor can be acconpl i shed usi'ng vari ous

Cx pan hodstimate dui Agite glenfant eealysieond Watermimation|of ia- fidnyingl material
pro;ge?éjc?xaﬁ‘%é &Hp%{@per&t%”d' ng. Coefficient estimation uses

equatl on 25 above, with an estinmation

Of Mhltafigidroalibiatish andevesitiie ¢Alirdtdh@f adhete QPET 4t 188t o fluids at
a.neter g,re affected by tenp erature val ues for Cf and

twohiyernsat EEfnestgse dosiidiemis Pealzéi Erstit badetriaingd hpgising the following
ation of a nomnal material property change
leasf u%&{yeﬂ%rrper ature. Milti-fluid calibration involves the
callbratlon of a meter usi ng at least two fluids at
i fferent s i ffnesses. Coefficients Cf and can be
MEQtFe m n‘éralzdlby |ﬁ the follow ng | east squares fit:
Fde‘l 26)[I\/FCFPfIU|dkfIU|d(I\/F@ﬁMM
MgCﬁl\, | Uit [ Tt endi ng techni ques can al so be used
to correct the flow calibration factor. Initial nodel

gzra pens, Ki iMRﬁfb erties, and tenperature data is
Iel=eict ed |th t Man tter and the coefficients for

xpol yPeaj alky n{MFAGMSi onal "operating surface" f{p
KT, s,P, .) woul d be determ ned. Because there is .
g e ﬁ@rp@jmg tq;hmqa;lg& catt alsatbieorsséh ity corecidlen fIpwogelibration factor. Initial

mocfpegIlpgx%eﬁ%téérrg,’rhl.{lﬁl%trc?ﬂertlgsl :l:i'l (fjteB‘[ %Pa? % dGitiv is %ﬂ%&edbin the transmitter and

eratu ange wWo

the tekEhtiehisedr wipehmoau&l] nd&halﬁdiﬂll\ﬁﬂ)emgfsuﬁfbwt (044K, T,0,P,...)
changing with respect to the initial coefficients. As

wmﬂdh tex dofelraineds Beorust hehefd (genk&ml&%y tay lines redatefnbleipt bedween flow
floqw cal i bratjon factor IS zero. The neasured

caligfafipf ARl {uid POREHIGE: wpee] m&%?rat%ﬂée@a@%e,&qgﬁggg would be
idertfliclN&hEh Mwer data showed coefficients changing with respect to the initial
coefficients.

As an example, assume the fluid density has no effect on flow calibration factor, or
Cr is zero. The measured stiffness will change with temperature due to changes in the flow
tube's material properties. Furthermore the measured stiffness will change due to
temperature affecting a transducer's material properties and sensitivity. Therefore the rate of
change of stiffness due to temperature is unknown. Nevertheless, the stiffness and
temperature can be measured at a specific time, i.e. time of installation, The data can be
used to establish the relationship between stiffness and temperature. Most material
properties change linearly with temperature over a wide range as shown by:

K(T)= f(T)~C,C,. AT+C

transl trans2

(27)
where

Ck = rate of change of stiffness due to temperature,
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tube's material properties. Furthernore the neasured

stiffness will change due to tenperature affecting a
wonresgduasr' s nmaterial properties and sensiti vPCY/US2003/033531

Therefore the rate of change of stiffness due to

t enper at.u erthe e8 stiffness
angafra@ﬂpeﬁ%t e R R SRR e W e
. eCuldr FEIr@fsdiiges’s affk@t i on. The data can be used to
establlsh t he relatlonshl bet ween sti ffness and
Initied f5é sakereat thedimeyat pstalatipn Gp ey the Sackry Ryer B HBg: P§/ flow tube
W de r as shown by: K(T)=
m e%¢$%§%?%§§‘ éM§HM gréﬂFg g&g@ "™¥fange of stiffness
dueThe stiffingss rraeasuﬁ:d d2afy tehpeagtrofvill Hell in ansahdcléne. Vhen enough

.Ssensitivity chan and transd s offset Initial
stifF R eSS AHE TR o5 TFCDAIT PISHEIBE T8RES His Sope, or the rate
of HRBEOLY tHREFMBss WilY osPéot id RMdetifrelcBNBE bR irH4IES uﬁh 9\1\§ast squares
you to cal cul ate CK, and The stiffness neasured %ﬂl "
en the

fit. t Erpay s cempon| cliaage of rihe stiffeery With eespedicio @ﬁm@mﬁure
r de guer 3y reaso
stlf?x{éersr% él'?c? %}I{eé?%gx% aggﬁ{éhiurgci glbcgﬁw omtrdé)tese ng E@hoglﬁthe c%l'fve then a

chanBe irsthie fsémses ﬁaé/\bdchrré@ st MPBCF eaaspzﬁs@&hamgecc an be
estimated using a | east squares fit. This is the

comhbf %‘J’ﬁéh?&éh%istlffﬁ@sseﬁ‘ilmﬁ‘iﬁfé§ shopging W&ﬁ@@pe%lre indicates that the
e
o e AR i) PR B F AR P Bhfcction can be
madﬂu rmethet benpeaatoteangeedtiont becffeiestsr toh aﬂke cihar malsuaeﬂ:i stiffness vs.
MFCE has alsg$cha ed. The fact t the stif

hness
terBratHg: HOPE TP GrPGONEEIPT: BHgePartids P QPRGIEHAT Drocess to

mikiRzd the \Wrbt BRbERfuekt 18 thid BekrédtRASHs TBIesdEHa8Eé #ill indicate the change
tEaagFrtles are in slight error. A correction can be
in

¢H the tenperature correction coefficients to

mik%hé qlﬁbncng o5 %dmﬁ{t pflé @%%r% e Vor frte%{zpﬁa rrﬁl(gdétrl ca:?iI Qf ectgplhed to other

zer 0. corfedtion nmade an optimza
parpmees; sndlwding foti calibiakien €ct@rchabids slag teflbidtdensityi, pressure, external
,correctlon a stiffness change will indicate the

Vlﬁﬁ@ﬁg@°1n the MFCF. The concept of a nultiple degree
afff.66580m nodel can be applied to other paraneters,
|nc uding flow calibration factor changes due to fluid
den&’ht ylesquibed sulutipneiat enmiﬂlplmdbglae iof rireeddrg . model are ideal when the
i zatio sol utions to

Th
PG 1 P g PSRV P HORb e HBLE gt fpture changes
ové‘}tt[rﬁé?t Uh&hélease HOL fRABEROVES dbhsiy. of 0PRSS, flli dA®ed by the

applications a structure changes
sensor may change over time resulting in a change in mass of the sensor. Furthermore,
ambient temperature and process fluid temperature may change over time, altering the
material properties of the sensor. In order to collect meaningful data at varying conditions,
a normalization process needs be implemented.

For the case of a flow sensor, there are three main types of normalization. The first
is to normalize that data with respect to a resonant frequency. Various process fluid
properties, such as fluid density, flow, and pressure, cause the resonant frequency to shift.
The second is to normalize that data with respect to a reference temperature. The third is to
normalize the data with respect to the displacement, or some other response variable.

For example, a typical Coriolis flow meter operates at a specific resonance for a

specific material density. At one fluid density, the resonant frequency is at 152 Hz. If the
13
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over time. In the case of a flow sensor, the density

of a process fluid conveyed by the sensor may change
wovers/501e resulting in a change in nass of thecsassms/033531

Furt hernore, anbient tenperature and process fluid

nuid GRFY hesshate Faonar enrirs SrhTla B2 15 g ppln of e
resofB@ratgibady fakide a6 theaest MQueRiel dauSRSigrafictar BRbiszathdsktimates
process needs be inplenented. For the case of a flow

of thepmogdel parp@esrsarldictprectheedatn pgqssdo be nosmakzad st qrder, to produce

meagﬁlgﬁjliréﬁﬁ is to nornmalize that data with respect to a
resonan tfg'r equency. Various process fluid properties,
SUAIGaST fshotvsl adgroséss y700f Farvmoraatizipg elasuie ordausecdrivet the flow
resonant frequency to shift. The secon

: IS to
calibygfiom f4cis er?ai%‘a@fsa@ﬁef Hsipg Spaeli-degrey ‘?dfet%“:é?déﬁ‘c’émdf_’l' Process 700
begih§R&EG Y& -b%-l;@@e_i\tfilﬁg rddtd BobPROtARIEZ COhNe AR W tdleived it is
respect to the displacenent, or sonme other response
normalidedbyiéh reEpact éxthepesonant frgquencyt Tos plédwsthelmedehparemeters to be

operat es a specific resonance for,.a ecific
caloFTER larBr P ot SRR PR 8 BRE el egpency atlows
the fekEfdiRIBAYY fobeakt dadschiar of therd¥endrifitediiéhegensi ty

i ncreases, the resonant frequency shifts down to

121 .
Hz Nerti & gem 730, ove msrmeliee the datarith repraghorrospierencapyperpyre. This
corklf, AP SLPMETICELRUIER, BEBIAL! SENN S, Ml o
exam@kg swd dmpertamd hupdriak propetties chargetvatipreohecaumreanding b discrepancy

. results. FIG 7_shows rocess. 700 oy mal i zi.ng
in {5 BOPRICEH e ¢ B GRPGRES e RHcRl (1B dbpormFERHgFhanges by
appl?r%{é afERF 14039,8 00RE, &indtSindsk @orlst flovd At &S ueé vbic8 8RN Mransducer to

el . "Process 700 begins in step 710 by receiving )
meadateafléw cmd tdriyes clrangesuimetemPatagire e lloheegs therstigagthed the magnetic

IS normalized wth spect .ta.the.resonant. f C
feid ind SR, Iebethonte FRDSHS i S5t FRE Aobichl SIUE Hupper, e
maghtie iR Ashi§thh@ses B Y2 flhall Gh°deBE bt theldrived bn@pickér.
resonant frequency allows the test frequency to be set .
as AlsecaCarioby flowemeter s madulus valddage. WK MPpsiagce Goriolis flow
: li i PR fluid i
e SR Rk S S RECH A ApERIBEERAR i
the sh@br.i Gsing alsis tetpeaitutemeiufdneame nthe FRFpmeatuweresnts Bar be corrected
exanple, two i g;glort ant material properties change with
back &g 3pmpe tefprenced Pﬂﬁmﬁidiscrepancy in the measured
datg. st 40P@u | das RfnhaiiddCwith r@sg)eém_ digPacdi®dn® ok abme other a
changes by ‘approxi mately -4.2% 100C. Si nce npst
respOnsé whriablé.| Ehis iedenesbyubiegrgingelrenimotikity{¥elgeisy/faree) to receptance

o R PR D PR e

medsieedl@agth of the wire in the coil. For a typical
Al'Ni Co magnet, the nmagnetic flux density changes by
-2.1% 100C for both the driver and pickoff. Also, a
Coriolis flow neter's dul ys wi l\h .change with
t enper at ur e. )Cori olis flle\EEL(T- Zg)‘HTa),es,_ﬁ.eq,Yv’\f

“ e [1 + Cd,.,'ve_mng(T - z;ef )][1 + Cpickoﬁ" _nwg(T - 1;4 )](ja)tegt_ﬁeq)

test _ freq ® “ref
Once the data has been normalized, step 750 corrects the flow calibration factor using the

(28)

normalized.

methods described herein.
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nmeters typically utilize a tenperature sensor in order
to report the tenperature of the fluid in the sensor.
waibesgseass t enperature measurenent, the FRF  PCT/US2003/033531
measurenents can be corrected back to sone reference
What & AgLAgYs.e. In step 740, the data is normalized with
respect to displacenent or sone other a response
1. va atlled OhiveliddingenBotyycalibtatign dadtogof a dlownoisidrj ¢omprising the
§%_Iocity/force) to receptance (di splacenent/force).
ste following is an exanple of the equation used to
NOER h#AEhd ALinRASEL @ édﬁﬁlass dt aleoﬁlp)onént ofBAig lﬂbw megf;
J\[J test _Trec, ) Once the data has been nornalized,
st dptenBingd puseans fleswa¥ jtidwessaifispidaomponénict or usi ng

;hﬁgﬁo %d %a%(gl\?atﬁarléﬁ ‘?rr‘i‘g% sO%sgﬁh%%r tﬂ%‘rl]ﬁl ?fg b?ﬁda

f | detcoBies caliirnion SiretOconbiRios trepdngie tcﬂﬁdrﬁpaﬁrfgl Bgdanitial flexural
initial flexural stiffness of a conponent of said flow

stiffygsp &¢ saidguaeniiflsx gl sfiffnest-ent flexural stiffness of
sai d conponent; conparing said initial flexura
stiffness to said current flexural stiffness; and

2. defldematigpdeofoddimbk frthencemproingtbadiepiofin r esponsi ve to

n itial e ural stiffness to said
cu%ﬁ]‘tm%aé‘iﬁﬁ%&ﬁﬁef“foﬁg “‘51 The method of claim1
further conprising the step of: signaling said

calibration error condition. 3. The nethod of claim
3. | orThg mqﬁlaqdw@frd@@hw&ﬁuﬁgertmmp@ﬁ@s tef stegof r ect i ng sai d

QS8R D L AGLAL, EESAIDSIONELL 8, 3L hH B B hnditon
e sl G PRI R SBU R

error conditi on belng

being deteetedi N sai d fl exural tlffnesses are detern1ned by
solving a single degree of freedom nodel. 5. The
nmet hod of claim4 wherein said single degree of

g4, fr %@%ﬂ&ﬁ&f lhﬁh ?%h‘éﬁ& 1 Usl ?%xﬂafrﬁffﬁfégseg AP dtSiniifed B solving a

steps of: app ying a rce to sald flow neter
singtrodggosearitireedeasuedehg a resul tant defl ection of said

flow neter conponent; and determ ning said flexural

stiffnesses responsive to said force and defl ection.

5. The method of claim 4 wherein said single degree of freedom model is solved using
a method comprising the steps of:

applying a known force to said flow meter component;

measuring a resultant deflection of said flow meter component; and

determining said flexural stiffnesses responsive to said force and deflection.

6. The method of claim 4 wherein said single degree of freedom model is solved using
a method comprising the steps of:

determining a receptance transfer function;

calculating an inverse receptance frequency response; and

determining said flexural stiffnesses responsive to said frequency response.

7. The method of claim 4 wherein said single degree of freedom model is solved using

a method comprising the steps of:
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6. The nethod of claim4 wherein said single degree of
freedom nodel is solved using a nethod conprising the

wetepdsofss determ ning a receptance transfer fRATISLW3/033531
cal culating an inverse receptance frequency response;

an 1L said flexural stiffnesses responsive
tog%eglﬁgﬁgée%fﬁ{ea%tgy response. 7. The nethod of claimi4

whepelyingsaiaisfer figicdon agideleo afcoimpéedibenuendgelesponssol ved
using a.nethod conprising the steps of: 15identifying
o RS S IHHP AU OB S OB {915 RO
CORRA £ink MERM BN Ym ER SRS 8aid GANYEF FinBGorS ahd transfer
function"froma nobility formto a response form
extcalavlaiing flepdall stiffaesaetespansive dorsaid inepdet paresheters.
function; and calculating flexural stiffnesses
responsive to said nodal paraneters. 8. The nethod of
8. Cl ahBEn&héd of chey 6iod Sahéreln d hahsfEufitii@Nid &etermined using a
determi ned using a nulti-sine excitation nethod,
mulésigiersitaignmrehed, eprpasing herstapsiosi ng measur ement
fr %gft‘éﬁ}ﬁllir%sm&[sufeﬁ{_e% fiSduentRl bPfnged Mul ti-sign
excrtatiomrsignal; performng a crest factor
m refining tinouiti-sikef dxnitatgpnssigmat;al measurement ti ne;
defi 'g& a tota%@nunber.of,ayerages appl yi ng said
muIPE0% 1@ 8 CEPSt RELOT APR™IEF!io8yi d f | ow neter conponent;
NeRHARINPY thal BSAthiMMnt QfepUt responsive to said
mul ti-sine input; and determ ning said transfer
f udefining artetglwmshey of averagesd nul ti-sine input and said
resultant output. 9. . The thod, of claim 1l wherein
e T e ST R R BT ol
Ml daphréh LB RnObuthhitaegRnkive Gesaid Aditi-dine inprit;ad of
claim9 wherein said nethod of solving a nmultiple

v . : i ple .
dedletsamipng said JEsHE oNEiATE 6FpPRY S 19 [aids e sige - input and said
resuﬁ?ﬂtetfuﬂ;dtng a response nodel of said flow neter
structure; converting said response nodel to a nodal
nodel ; converting said nodal nodel into a spatial

9. m le;é’%%{ll(?%gfe ﬁar%‘g’g mhre]:lgeins galtig ﬂ%}lcgr)é}'lgtﬁjﬁlegsteg faIenc?e?esrrrfiﬁé)c{%y solving a

sai
multiple degree of freedom model.

10. The method of claim 9 wherein said method of solving a multiple degree of freedom
problem comprises the steps of:

generating a response model of said flow meter structure;

converting said response model to a modal model;

converting said modal model into a spatial model; and

determining said flexural stiffness from said spatial model.

11. The method of claim 9 wherein said calibration error is corrected using coefficient

estimation techniques.

12.  The method of claim 9 wherein said calibration error is corrected using multi-fluid

calibration techniques.
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The method of claim9 wherein said calibration error
is corrected using coefficient estimation techniques.
wa200508e148et hod of claim9 wherein said calibracrmws2003/033531
error is corrected using nulti-fluid calibration
13. t e%g' £5d of Uaim J%eﬁ% Qﬁ? cgfib&igﬁ %r%%gﬁé&eé ﬁéigg trending
calibration error 1s corrected using trending
techtigoémi ques. 14. The nmethod of claimwherein said step
of generating a response nodel further conprising the
step of normalizing nodel data. 15. The met hod of
14. ¢l @4 N8F Slalin S@I Whé?eh Bid &9 $hfRat Eés%@ﬁsetxﬂgdel further
steps of: normalizing said nodel data wth respect to
comprigiag theastdp dfimoguehcyg medelvatad. zi ng sai d nodel data with
respect to a reference tenperature; and nornmali zi ng
said nodel data with respect to a response vari abl e.
15. 6. ThBenetidsrdtlfm 1l whéreinheideionmsidifly 516 POMBAscéaRd abisf:
is displacenent. 17. A systemfor validating a flow
cabpeRaizingsaidimedel data vith respechin Lreseramp fiegidRgy: neans
fo . Y e '
conSEEY PRl Al i egort MY Reerbhoc (BBRNEL Ba
c umpendlizidgesaid mbdsltdafaf witls eespdct saa thsparsp oagaiile. neans
for comparing said initial flexural stiffness to said
current flexural stiffness; and neans for detecting a
16. CalinB LA Qb fRI4iRY 1 FRAGERI I ESIRNSIrS1d 19 dkpRahERT
said initial flexural stiffness to said current
flexural stiffness. 18. The system of claimwherein
sai,d system further conprises an or _si.gnal i ng.
17. S Bl F el BrbEe GOV RO RrdrBEere Rk iy Bpied o
cl adaBs ¥dr abtedBinpe e iimitislaflekays bteffdss! romef;om?aﬂiahk $ESaid flow
a means for correcting said flow calibration factor
mete; ror condition. 20. The system of claim 17 wherein
Sa'n%aﬁ??o%efe%hﬁ@ ?Eﬁﬂéfﬁ pgxucfﬁ‘f s‘i‘ifﬁ{ew <A c%*rﬁéiofneﬁses
conprises a mean or solving a singl'e degréee o
f r esdasforodetparid§ .saiheitiay fexanslodtiffiesds to 201 wineerdiffexsal stiffness;
nmeans for solving said single degree of freedom node
conprises: 17means for applying a known force to said

f | QML ABLSF dcepma g rk%callibfﬁﬁal@ Srilo®lcofBRiSH rﬂeE}ﬂ)n@i&l& epUbdn@idking  said

and

deflection of sal ow nmeter conponent; an
initial flexural stiffhess to said current flexural stiffness.

18.  The system of claim 17 wherein said system further comprises a means for signaling

said calibration error condition.

19.  The system of claims 17 or 18 wherein said system further comprises a means for

correcting said flow calibration factor error condition.

20.  The system of claim 17 wherein said means for determining said flexural stiffnesses

comprises a means for solving a single degree of freedom model.

21.  The system of claim 20 wherein said means for solving said single degree of

freedom model comprises:
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means for determning said flexural stiffnesses
responsive to said force and deflection. 22. The
weoeysis@ivias cl ai m 20 wherein said nmeans for sol PCIESs@Bd33531
singl e degree of freedom nodel conprises: neans for
de 1 B Y t f on. ans for
carars g Sirer R e 3T b LR IESTE O
andneamafos nicasuriest resultand gedation bf @xdiflaw nsdtéif Jongoaes; and
responsi ve o sai.d freguency response. 23. The system
of 19247 nfep d{e\‘iﬁ’i’élﬂfé}l& Sféfg ﬁ%ﬁﬁ% sStfBiessey | FFRAgsivi P Spidglfiaee and
defislegree of freedom nodel conprises: neans for
identifying constants; means for applying a transfer
function nodel to a conplex frequency response; neans
for,converti said.transfer.functi fr.oma bility,
2. ¢ oE e eh ol HFEL o RPShetid 1Ge &8 PUERen s Raunae Yegree of
free@@h diBeEESinrisesn sai d transfer function; and nmeans for
calculating flexural stiffnesses responsive to said
no dgany fr detsppining preceptpecediapsierfwctioai ns 22 or 23
wh . . . . . . usi:ng a
i R e R R
exandaat i fon deeansniognguid Sflexgyral metififisesfesr redpdrsive 0 gid frequency
nmeasur enent frequencies of interest; neans for
TeSPYB¥% ning a nmul ti-sign excitation signal; means for
perform ng a crest factor mnimzation; neans for
defining a total nmeasurenent tinme; neans for defining
23. a tlbcadysteomioérelani 20 evlayels sadhmacahe rfompplivirignspid single degree of
ﬁﬁeﬁééthiéLne to the input of said flow neter conponent;

s ?m%%3§ﬂring a resultant output responsive to
sairgbaf¥ Fdriidtif@ng B@stantaand neans for determ ni ng said
transfer function responsive to said nulti-sine input
andnesgs BrepRlyimgaransiar fupctiopsnodehie asspsnden Bequenay rasponse;
V\h%ﬁe%hgl fo?’%ﬂlvéi‘ﬁn;%]sc‘ai& QG ARSI D ﬁ%o%ilﬁtgr%&% Fcl aresponse form;
stittnesses co I'ses a neans for solving'a multip
degiicaes ir ektramhgmaiad phrameB26fromtseidIyemsfenfuaictich;and 25
wher ei n_sai d ang for_ solving a nultiple de e of
fr éﬂé%ﬁfoarcaw@eﬁ% gﬁ’b‘frﬁls%ghleﬁségﬁ%w%“}vegtg ﬁ@ﬂé?f?%gp%rameter&
response nodel of said flow neter structure;

24.  The system of claims 22 or 23 wherein said transfer function is determined using a
multi-sine excitation means, said multi-sine excitation means comprising:

means for determining measurement frequencies of interest;

means for defining a multi-sign excitation signal;

means for performing a crest factor minimization;

means for defining a total measurement time;

means for defining a total number of averages

means for applying said multi-sine to the input of said flow meter component;

means for measuring a resultant output responsive to said multi-sine input; and

means for determining said transfer function responsive to said multi-sine input and

said resultant output.

25.  The system of claim 17 wherein said means for determining said flexural stiffnesses

comprises a means for solving a multiple degree of freedom model.
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means for converting said response nodel to a nodal
nodel ; neans for converting said nodal nodel into a
wenpeaisicadi4sodel ; and nmeans for determ ni ng sai dPCras20a/033531

stiffness fromsaid spatial nodel. 27. The system of

claim 19 wherein said neans for correcting said fl ow

calibration error corrects using coefficient

26. esflhraystem of ekimi2qwdsrei 8aid Tieans fs tselvirgf a muktipie de@ree of freedom

erein_.said means for correcting said flow

ProblS SPMREFSH error corrects using multi-fluid
calmdahafdr @Bndr8EAYY RYSShse Addelld¥earYBdw ?ﬁe@ér sﬁ"u@t'uf@

wherein sald nmeans for correcting said f
calnagpafor @nn@f?llaﬂ sagbrasparss mesichtg ameddal mcgiet echni ques.

30 erein or of
oo msPE RSB LAL fd By TRe T i e AR s B¢ 1, *Freains
f Olindang fmldlemgmmai flebairal. stiffhess en §3i8 kpaa0oakiai m 30

wherei n neans for normalizing nodel data further

conprises means for normalizing said nodel data with

27. 1 ?@8% s& cfaﬁﬁ qg?ﬂ{er&ﬁ SAH AN s £ d}%@ﬁ'gctfr%r saltPRSRChid Aon error

a a w respect to a re
con@ﬁmp@n@cmﬂﬁcwmmwnmmamskmhnqmnrnal|2|ng sai d nodel data
with respect to a response variable. 32. The system of
cl aimwherein said response variable is displacenent.

28. 3 ThEREstEM DA 119G RkdTHh W8 hRials ERicOrtaERONRENNACAIMRA SN error
Is acceleration. 19
corrects using multi-fluid calibration techniques.

29.  The system of claim 19 wherein said means for correcting said flow calibration error

corrects using trending techniques.

30. The system of claim 25 wherein said means for of generating a response model

further comprises a means for normalizing model data.
31.  The system of claim 30 wherein means for normalizing model data further
comprises:
means for normalizing said model data with respect to a resonant frequency;
means for normalizing said model data with respect to a reference temperature; and
means for normalizing said model data with respect to a response variable.

32.  The system of claim 31 wherein said response variable is displacement.

33,  The system of claim 31 wherein said response variable is acceleration.
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