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COVPENSATI ON METHOD AND APPARATUS FOR A CORI QLIS FLOW
METER FI ELD OF THE I NVENTION This invention relates to

wea 0mpensat i on net hod and apparatus for a Cor POKiUS2004/030492
flow meter. PROBLEM It is known to use Coriolis effect
mass flow meters to neasure nass fl ow and ot her

i nf or Mg OMPENSATRON METHODVAND IAPPARATUD FOR ine as

disclosed in U S RahridDES FEO‘WTME'?E ssued to J. E
Smth, et al. of January 1, 1985 and Re. 3 1,450 to J.

E. Smith of February 11, 1982. Coriolis flow neters
have one or nore fl owtubes, each having a set of

natural vibration el f a sinple
bendi ng, torsional E‘%ﬂ_&fg\%ﬂtﬁ %’ﬁ' ach materi al
fi "ﬂrﬁéjlrfv%ﬁﬂbﬁ WStesStoH bdrﬁBehé’atRﬁFHe'tf?doeaﬁ& appafiigdfst a

in one of these natural nobdes. The natural vibration
Corigbgdlovametetef i ned in part by the conbined mass of the

fl ow tubes and the materj i in the fl ow tubes.

l\/_ater! al flows i nto the_ mQ\%Mr fr_om a connect ed

pi peisikiewintol ise Colisls Sffsta mdsefloRingsted td mebb&R mass flow
directed through the flow tube or flow tubes and

andther/Efermationpipnaieriakfiawing dbtosghehpipeling gs|discleseskin U.S.
Pat/NGL! 4851 308! ik85%d O F& SARCH AIALEIdMR 1 240bBRR Re. 31,450

‘here 1's no ‘hr'ough ow neter’,

 to JaEl smtmost@bruag/ #1,11988. t ObroliEsiiow Imvéters/wna\re amle or more flow

i dent  cal .phase, As the materi al begins to f|o
tub %ﬁa&h’?vﬂ'&:@ Pet at patyEal vikration mergsovRichdnay, BetQﬁ @ §imple

benHH‘l@ﬁtérgl Yeor"%wgs‘hbpqgv LE@Eﬁﬁat\%thgLe%gﬁ;cﬁlﬁuﬂé’lsQ}r%h to

ts along t I nl et
oscrklatbeabrfesbhencﬁé ovonelbEtheagnatival modesr Thdmatprwlsniorahon modes

are ined b Sers iy 1 SIS MeShiafie Epyibes and The Fiatel witnn

the ﬂSWtGEéé‘t Palteifal FowisiRtdTRiE v Hetbho #¥ohi&&ed Piseline on the
ase difference between the two sensor signals'is

lnlegssldpothhedmaterleblsﬂmenmh@@ted through theoflow ligberar Bowdubes and
flow.,ng thr h the fl,ow.,ube flow tubes. It is
deliyedt 1854 pigeliheaonnteted P IhE HHEBE kavi ng i ffer ent
fl W\dﬁvé}%\pbﬁ@fs eideab ioaBRlateNebW hdse Vo tHEFels i flow
are single tube, dual tubes, stralﬁht t ube, curved

throughdhe &riiofis S mstas, all ppinteglongra Hewrtulbe pseillate with an
ideritiRéa) 8hé§‘e.f }\g\fﬁe material begins to flow, Coriolis accelerations cause each

point along the flow tube to have a different phase with respect to other points
along the flow tube. The phase on the inlet side of the flow tube lags the driver; the
phase on the outlet side leads the driver. Pick-off sensors on the flow tube produce
sinusoidal signals representative of the motion of the flow tube. The phase
difference between the two sensor signals is proportional to the mass flow rate of
the material flowing through the flow tube or flow tubes.

It is known to use Coriolis flow meters having different flow tube
configurations. Among these configurations are single tube, dual tubes, straight
tube, curved tube, and flow tubes of irregular configuration. Most Coriolis flow
meters are made of metal such as aluminum, steel, stainless steel and titanium.
Glass flow tubes are also known. Most straight serial path Coriolis flow meters
currently in the art are made out of metal, particularly Titanium.
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neters are nade of netal such as al um num steel,
stainless steel and titanium d ass flow tubes are
wabkew/odnamn. Most strai ght serial path Cori ol i BCTiUus2904/030492
nmeters currently in the art are nmade out of netal,
particularly TitaniumlIt is known that as operati onal
fact@® Ia*nmhuatlga&,astd;mraﬂmalcfaﬁorsschamga)fthe bkaGateristics of the

o TR o Bl S el F R 55, Pt suh o
drifEPTRIREEBAR RPNt dsybdidtel h/ﬂtrpﬂfe' obfislis ﬁl&)&’nﬁ'@éﬁé ’trénsmltter

transmtter or they can be external effects such
or theycandia external effeats suabsasifiectuations inyinepressie; Qen@ty,

s CHO5E i G B RSB e 6k T B oo

flov Afate e dVRIEhGTTRE PFidE aﬂ%a%dbcméﬁtﬁﬁn @bmwh%aﬁry ftﬂghégb nbanges
or nodifying circuit schenes or by making adjus

by upgraging Pomogifying aiicul schames or %@ﬁbln@sacaws m%&%to the flow

coBF R0t OOk IR ods SR Og iy,

5,261 882 I8y Zalock Gl LdSlmtémtca/ppheamrs Noaﬁgtﬁsﬂfwﬁﬁﬁ By M;hn Cleve et al.
under conérol | ed condbtl ons

dengpfl9 is HOW Meterssan pe grerats e,qgaﬁﬁgﬁ%tfgﬂ@dlpgns in which
pre%lls A, %hglt%%oc\ﬂtﬁﬁés‘@ érb@ﬁaﬂiwﬁ@éﬂ%@ﬁ%ﬁ{ Welifiinate the

uctuatiohs I n thesé paraneters. However, this Is not
complsaitiesf afaxintpenssiting do fludtgatissdn thiesed patameilecs pHewener, this is

fluctuat the t ft
notagys pagectines b kb Bifedtt O euRT ORI ndhe
terhptdtrBIdTthé Eréﬁ&éﬁ‘ﬁﬁ@namﬁ& tRERFHAbAMeHE B WhichaRe Coriolis flow
viscosity can be held constant, tenperature

meterrip epssatedn Whea pGasuse. czlaerfsw\ande\tmosﬂdrca@éoe held constant,

li shed I
erfoS 3R b EE of ' ETR  PRRl 7 B L Bhng -
theﬁ‘ﬁhl 8émSorf(coMinaHIg Fefelred tRHS REDF affﬁ(édttb @n@mrmbnmomons of
enperature of the flow nmeter portion to which it

theafflonszlwflowmetRIrDThﬁﬁIrDuﬁieawr%th%?watm@ é%meﬁaiure of the flow
me&é\ﬁ%@?ﬁ ) Q/Htl&l RRPh#REd t $hBEREH |ﬁﬂo§ﬂhfl8ﬁ 'a?\ﬁotz%l’r‘v’,“v?gf quency

rature conpensated nass
infermiation. isEppliet lﬂdi)melecdileofrbnm:s gvhitls ggremtes a tamperature

unconpensat ed_mass, fl ow SI al i [ lied to,the
com@eeﬁaf@ﬂéﬁ@%ﬂwgam@ﬁum tuy%dﬁaﬁ é%ﬁ?@%é%géaef%te an
un#cﬁﬁgéﬁgﬁea‘?ﬁésg fl&st ?w‘ﬁ'l ? a\gﬁﬁeﬂ rt@%%e@erdélb&ﬁomcs which
reguency conpensat mass ow out put signal. There

alt@rlsethdlmdnmﬂnagm meweda'nass ﬂownate‘wgnaldoq:frod{r@ a drive
ermal sensors for t Qr{ﬁ ULe co ensatl on. The

freqpc,e@qy CRERRNSHIPd Jersss HeSPR8Y mal sensor cannot
be ?héﬂi:g%dd|E9d\'}é]ﬁa§é§é§éddiéteﬂ%lfh e |§’§e bIRTD! thetrhabgensors for

since the added we
temperature compensation. gI'he first disadvantage is that the thermal sensor
cannot be attached to the vibrating portion of the flow tube since the added weight
of the sensor would alter the vibrational characteristics of the flow tube and
degrade the accuracy of the output signal. The thermal sensor must therefore be
attached elsewhere to the Coriolis flow meter or on the input or output line of the
Coriolis flow meter. Because of this, the thermal sensor cannot be used to directly
measure the temperature of the process material within the vibrating portion of the
flow tube. Since accurate temperature compensation requires that the temperature

of the material within the active portion of the flow tube be measured, the use of
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of the sensor would alter the vibrational

characteristics of the flow tube and degrade the
waccnsroacye7of the output signal. The thermal sSeRE€DUSROZN30492

therefore be attached el sewhere to the Coriolis flow

meter or on the input or output line of the Coriolis

othér PIOURBAE locHiRR3USEcHAs tHse. orf e ihPef sPbuthanNfHRE oFﬂ‘r@rfRiw
be used to directly neasure the t enperature of the

melgr oesyls imademaeraibitathat isdifferast fiom ihepdesireshtasnperature. This

caulsg8 thactBfacieh B e edhrs SIRBEALHIS ARIPRERApHkignal
genelna!teddiyﬂremetetrlmbt:dmdtme flow tube be neasured, the
nmountj ng | ocati on such as thaose on the

;
H?}S%‘Jgeg‘%n‘gglsﬁ‘m’amaﬁg Qfthe ygeQ erﬁﬁl Eensorsds thaf, since they are
not rSRAES oH Betdtaile poridd Bpfh%rlhbrfa'irf%g“ﬂbwetugés H{e?g is an inherent

tenperature i S causes I naccuracies int
time diffsrencabetvezmrpthestine dhé thermahsensangriectsiaythermal change and

enerated b te el.ectr ic A sec
the 3 L EaRraifS o B asfie FERRER <8nd8s is timgdifterence
reséil'té‘ﬁﬁuﬁh@y :rﬁ&ufmemb%nﬁeﬁsa@eoﬁﬁrasg FloRPFte St signal

the vibrating flow tube, there is an inherent tine

gengiratedrianibe flaw wmedar.t he tine the thermal sensor detects

a thermal change and the dA tenperature of the
fl ow tube materi al changgdﬁﬁméﬁti nme difference

r eSThd Fresenf inviehéion isobee Uh@abese BRdidike CoMBbRIASBAEH achieves an
mass fl ow rate output_ signal generated by the flow
advggeein thepithydhe piavigioasd i me @n%ﬁpgaram%fqrﬁ@memre

cor@é@q%‘t Bﬁrfopbghbﬁérﬁ?\ﬁgﬂ%%f{bvﬁ%%saﬁ;dsa \éaltl@g ot {hre%‘él &dsors.

rovision o
The meﬂmchaud appargias oftheopresent ﬁoentndm mdnitove thet énivée frequency of

ich avoids the use of thernal sensaors. The t hod ]
the §Ru Mg b AT aUB T RE T SNTP AT th Sioriplis Gowieter is

opéﬁéﬂeﬂ‘%nfe{ne&ﬁ&ﬁfﬂrﬁnéﬁt ih i arvﬁérég@r | o fjﬁemr%erature which

enper at ure conpensat i on.
havepm effect amthenflaw Wibefleguendyn awhheld edrista,mir dretserfactors include

suc eSS lon B sEaaP b BBl Bl e
freddé‘h'cyd@tﬁeﬁguéh? pararﬁéteﬁssmcmdeqabtéaraaaeﬁértj fdcRkity, and
sensitivity all whi can influence drive

presswgudinder toese poein@lieqoqrwmtenees ebaoges imfreguenmcy of vibration
g VoS 1o EharoeL i entRaRiERERG Ee R in g Ry mgrulus and the
wbmt,hgabwumbmﬁfnbgs due to changes in t enperature whi ch
changes, i.n _Young nodul us and the vibrating flow tube
st i &%@gs flow meter designed in accordance with the preferred embodiment
of the invention has advantages in the area of compensation. The present
invention compensates not only flow calibration but also adjusts the nominal time
delay Aty, commonly called “zero” in the art. This means that after a Coriolis flow
meter is installed into a process, whether for calibration or for actual process use, it
need only be zeroed once after installation. This is a significant improvement over
Coriolis flow meters that may need to be re-zeroed after minor changes in pressure
or temperature.

At the time of meter calibration the temperature effect on the flow tube is
characterized by monitorin'g frequency and temperature changes as the material

flow and actual temperature are varied. The calibration constants used to
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A Coriolis flow neter designed in accordance with the
preferred enbodi ment of the invention has advantages

woOnodeslve1€2ar ea of conpensation. The present i nveRCTMIS2004/030492
conpensates not only flow calibration but also adjusts
the nomnal tinme delay DtO, commonly called "zero" in

comqegsgﬁerlilovrl Lol ﬁ‘:éFf@é‘t%rﬁwthd #hd Sforéd (EDMthe&rfélmtmrMQrDuring

F'ed in process, whether for

operdtior!, tie Ariterddl fmwaaeﬂwmﬁequemcw\eféﬂbraﬁpp qh %ﬁ 3Hb%ﬁﬁ%

after _instal|.ation

monifared. Eheirgpyliing ﬁemp%qqgfe &I?e}r&e% A freg ca/ iARIrRNGEBRATfom the

mete? ard Spﬁﬁéh & hferglagforitandich luseqcmeﬁqmed Qahbratlon constants
ature. At the tinme of net r ca i bration the
to calcenaieraabmmarawre@pnm@ﬂ’sﬁéeq‘ me&s flgwe a % "thar acteri zed

el s Of )l HEGDEHE 7 ph SRRAAG BUEMPEPAINGS Sompenbsted
mas§ ﬁb\'/vl?é atiiamagenss anesthesesk oiennaBEreRre sinsermhanges In

th d
requarey ol pessa sOPEHE 1\ NG ULRY e (o Y =
Slgn%ldﬁ"r{l rcf %%W‘%omhé’ H{-@{ RlibR i He frEgudicyveHainge. aF lte instantaneous

€ resulting tenperature chan es an
charlgeSALRNE D Frayurtdyds applied ththenpetar eé@@rqb?ﬁ W@H:ht generates a

correﬁ%é{cg%p%%é%%ﬁ%gé&lpg ra e? gfgﬁ\tgrcgft @% a%gd%chgdydéd?%sgondmg

conpensat

to thlg cg%nggtlﬁ fiBly tHB8 t¥FPePitufé.ow tube fr equency for

a tenperature conpensated
admtmemefmeenvemimm@élu@lest%@ﬁ#ﬁ?d :Pé%‘f'é‘“gutﬁ‘é%“a'

com(p:)gﬁg {sweégﬂ@ ﬁ%ﬁﬁiﬁefﬁé\ﬂﬁg%‘# Ideit Bhe Wtu%ecﬁéﬂgﬂethod

OW rate sig |mTE|aey
com‘ﬂ?i@ Matthe s@@é £6t1on of the frequency change The

It gzzehg:a;gggjfsl r@(l: glagl%ﬁgfénggééﬁrr\igwggq{g (ie%%g%x% 'gf F%@%&d\?ﬂlbe'
289 ens |tn§gq %@%%}ﬁ%ﬂ%@%iééﬂ@ﬁ ch‘éfadt@ﬁétﬁ,%scﬁ%ald flow meter,

ange i n flow tube
whetr&m%r@bﬁé@cteﬂmcgmade tife diines freqeendydn of aaiderolis flow

d for providing thermal conpensation for a
metéoasas!ellsas‘almmdmledrﬂfh%@?l?@{ A andhst one f1ow tube;

3 a| %‘ﬁz‘jﬁfﬁ% V?SI Jﬁg Shﬁ){e Q&rorgéé‘ﬁfréushﬁ@ said first and

iol1s deflections of said
saié Eé’(‘,%ﬂd@gna@% @relitis shems compesisgtian foreymic outrut signals of said
aracteristics of said flow neter, wherein said
Coridlisrflost seteit i cs i ncl ude the drive frequency F of said

OOIrIé’re erabfy| MY method further comprises said step of providing thermal

compensation including the steps of:

receiving a calibrated mass flow rate from a master Coriolis flow meter, and

using said first and said second signals and said calibrated mass flow rate to
provide said thermal compensation for said Coriolis flow meter.

Preferably, the method further comprises said step of providing thermal
compensation includes the steps of:

using said first and said second signals and said calibrated mass flow rate to
derive calibration constants for said Coriolis flow meter; and

using said calibration constants to provide said thermal compensation for

said Coriolis flow meter.
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meter as well as an induced time delay Dt ; and

characterized by the provision of nmeter electronics
woanosueiag said first and said second signals POT/US2004/030492

provide thermal conpensation for said output signals

of said Coriolis flow neter. Preferably, the method

c ﬁ%%ﬁé%l&?{f%%éﬁﬁdjﬁHﬁeﬁ&@iﬂp%eﬁh@ﬂ@ﬂh@g stepesfrddtermining a

Ing the ste f
thorma dorapesanes Sotirate ﬁomse.ore@né’% fltk ratoTy e PPEse f5pid

met er
geneationli g A5t and ot el s A1 s PP RRATPL SHE TR el
comEHgp I (ORI NoOnet o el o

ur

pmmbydtr;eemmobw@ﬁgampa%egE&%@ﬁéﬁ@ Weps of -

usi ng sai

capPe R Ui Sop AP RAED DG RIPrcA T rRja iy p e Corol
flow (ggﬁ?,tbzrg@?s for salt d Coriolis flow neter; and using said

i on const ant

C iR saic Bt AH Sat SPoeBr A 5 < 5 %@f‘gﬁr%@@d calipration

cons&rﬁa?@?gg&mﬁé‘g tHEMRAR, % bé‘@éaté@ B 12&s forisaid Cotibkis flow

ermning a‘thermally conpensated flow rate
metdror said Coriolis flow neter in response to said

o Beatarably. dre siathod ubig SRR e Al SegRg o'
Co&ét%'n‘nﬁ'n g% E"Hr%tf?éque?f ?TCF‘E‘fr@ﬂ?n| 3aid seeona:sigodl;f ur t her

nprises e further steps of rece|V|n a thlrg

SI ggmmg edinese lﬁ’equgncsat:aalﬂtrratl@lm goaeiAst ant Q" 6¢ros AN
Coriolis flow nmeter; and usi

seusing saitides 8 fregHeReY Eu%!;\%’a?ré]‘? At dictioy gl constant

onst a t o

o, Toaeats Gy delib S Mg ERted npRTRARSE) o4 1) v
%’E%r ttjﬂgr ét@\%rf%lﬁﬁér tdifpfiskd bemhpsahsated ohass flow rate

TaF1 Ve requency F from'said second
mcl@dnﬂ@mr‘thefe;tews oy a linear frequency calibration

constant aF for, zero; d using said drive frequency F
andegying 3 cerflsient @qJ@ﬁﬂ?Wcaw bration constant | d

using said drive frequency F and said linear drive frequency constant o for
zero, and said constant a;, for flow to derive a thermally compensated flow rate.

Preferably, the method further comprises the further steps of: -

deriving a linear frequency (temp) constant «,,. for flow; and
using said drive frequency F and said linear drive frequency constant o for
zero and said constant ¢, for flow and said linear frequency (temp) constant ¢,

for flow to derive a thermally compensated mass flow rate.

Preferably, the method further comprises said step of deriving said
calibration constants comprises the step of:

receiving a mass flow rate m from a master Coriolis flow meter; and

using said received mass flow rate # and said second signal for deriving
said calibration constants of said Coriolis flow meter.

Preferably, the method further comprises said step of generating said

calibration constants comprises the further steps of:

5
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aF for zero to derive said thermally conpensated fl ow
rate. Preferably, the nethod further conprises
woanpmasared mass flow rate including further BCEUS20#/030492

deriving a coefficient oc for flow, and using said
drive frequency F and said |inear drive frequency
const. - ' shdudedatirhe detdyont arad said
dé‘?ﬁ@ﬂé S% @eé%ﬁrﬁlggﬁgﬁgi‘%gﬂ ?(Iwgw rate. Pref er}g%‘tl Y,

drive HRQUBREN Coffthe tCriolis flopr instar; ané further steps of:

d ' | i f . . t .

o o G ST Tk SO IR A

dr| i jalisifl etant
frequihby ¥ 5} BBHEE e EalARiof Eontnictacny d’rcg%ﬂp) oamaes

c eigablyatid methwd furier compeises said stee pgrating said

calibraenaneiaTip T Rsea o e Syl g sard
g%&ﬁr %‘ﬁﬂe&ro?@\yéi‘nﬁﬁuér%%dr%@énﬂ (b(a% f6it £ ponrinal tiewe delag gt ;

oW ra om a master riolis flow neter;
and'and using said received mass flow rate mand said
'second signal for deriving said calilbr a%i on const ant's{ for
ofusing daicodrive irequengmdﬁmar@lr Sal?r“@ﬁéP anys ,reﬂﬂ%nng?crﬂ?&a” “r
urther conprises said step of generating .sai
said oahiibaltime tletayhat é@lﬂ@”%ﬁﬁ‘%i %aél?g@tﬁ)é‘ cfzcmstt%%tp. st eps
of ,0Q4/ 030492 l yi ' HRe 4 hpyatioh eoflstanteare:
f | BUeTe i 36695%8%;‘1]@%@@1 sgglgj drive frequency F

of ,the Corjolis flow nmeter; and using said first
Atosi%palamo&ﬁm d flow induced tine delay Dt and said

Cohustaraty dne sethoednti hPikenidid sen B gy said |
cali@fi%@o{x%ﬁ%ﬁhc&%@%éQt%pscﬁi gbliihgpheExpessioat i ng sai d

i bratiron constants conprises the further steps of:
deriving a |ifggi drive frequency constant ap for a
nom nal time delgy DtO ; and; using said drive
frequency F, affd g?al;ﬂmr;(r}ea@) diii wEFEFRqncy constant 1.10
aF for said nom,nal t delay DtO to derive said
calibration cgpstiants. Preferably, the nethod further
conpri ses said &alibration constants are:

Where
At Flow induced time delay
Atg Nominal time delay
77 Mass Flow Rate
F Drive Frequency
Fo Drive Frequency — nominal zero flow
fo Linear Frequency constant for zero
a, Coefficient related to FCF
Cpr Linear frequency (temp) constant

Preferably, the method further comprises said step of determining said
thermally compensated mass flow rate comprises the step of solving the
expression:

. A=A —(F—FO)aF
" T+ (F—F) e |
6

1.5



10

15

20

25

30

AtOn," aF ' am. 9" am. F Preferably, the nethod

further conprises said step of deriving said
woabisaer on constants includes the step of sobermg260h830492

expression: (F-FO) mmF-FO)] ) t 1.10 Were Dt Fl ow

i nduced tinme delay Dto Nom nal tine delay m Mass Fl ow
Whérete F Drive Frequency Fo Drive Frequency - nom nal

zero flow aF Linear Frequency constant for zero a

Coétf i ciFdow imdblcsiddime oleR@F CC 1P - Li near frequency

(tenp) nst ant Pr ferably, the net hod further

colfr i sdonigaltimedLlaY det er ni ni ng said thermally

conpens w rate conprises the step of

sol%gl ngwt'I e expreé{sef)on At-At -{F-F o)aF m--p =j- |

. OF aL+(rfive Frelgbpbere: Dt Fl ow i nduced tine delay Dto

No nal t| delay m Mass Flow Rate F Drive Frequency

erozﬁf @V?F éH@HEX/ aF Li near Frequency constant

f or o, 2€" QirddarFBghiénty ESiRhfdol SefcCh

« constant related to FCF

«,. Linear FCF frequency (temp) constant

Another aspect of the invention comprises an apparatus that provides
thermal compensation for a Coriolis flow meter having at least one flow tube; said
apparatus comprises:

apparatus that generates a first signal representing Coriolis deflections of
said flow tube;

apparatus that generates a second signal représenting characteristics of
said flow meter, wherein said characteristics include the drive frequency F of said
Coriolis flow meter as well as an induced time delay At; and

characterized by the provision of meter electronics that uses said first and
said second signals to provide thermal compensation for ouput signals of said
Coriolis flow meter.

Preferably, said apparatus that provides thermal compensation includes:

apparatus that receives a calibrated mass flow rate from a master Coriolis
fiow meter, and

apparatus that uses said first and said second signals and said calibrated
mass flow rate to provide said thermal compensation for said Coriolis flow meter.

Preferably, said apparatus that provides said thermal compensation further
includes:

apparatus that uses said first and said second signals and said calibrated
mass flow rate to derive calibration constants for said Coriolis flow meter; and

apparatus that uses said calibration constants and said first and said second
signals and said calibrated mass flow rate to provide said thermal compensation
for said Coriolis flow meter.
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a F Linear FCF frequency (tenp) constant Another

aspect of the invention conprises an apparatus that
wonosioder7t her mal conpensation for a Coriolis PCOWS2004/030492

nmet er having at |east one flow tube; said apparatus

conpri ses: apparatus that generates a first signal

r efprefeeably ngparatu that defdremidsa hdfnaligicdnidatetPow rate for

.dﬁl‘ﬁgarlat s that generates a second signal representing
sal Rais Uow Sigtesingespanse 19 saidraansratiothef said fisstiand second
signalPa”¢ 58id Sib! ' ' f cy.: k ~of . said
Y S ol S sall ol donterish i K1 S cRuigha pow
metex. ; and characterized by the provision of neter

electroni,cs that uses said first and said second )

i ESieeehiy annsTeis rALiravasahitsionaeprsepdparalibration
constafiRAbBsaM Coriofls fiBl btet %,L,@w neter. Preferably, said

apparatus that provides t her mal conpensation i ncl udes:
appRParatds thadusee said/first and shichsetoed arabsaitlithind sinals and

from a. riglis flow peter, and a ratus tha
said (B dPES R I Releiming BBt enRtneShied o faté for saia
Corioli$ flowahetdrnass flow rate to provi de said thernal
coppensation for said Coriolis flow meter. Preferably,
saf eiRRAY Arparaisithat deteavinesa driverFeguencohrans saidosecond
bBurther includes: apparatus that uses said first and
sai d second signals and said calibrated nmass flow rate
t oappaiates thalt deriaés anineanfreqiésicy Qalibsalich &8rkdtahd 5, frbio¥ero:
nmeter; and apparatus that uses said calibration ’
coappanafiss thad deeves &iooefficlert @afst fimgond signal s and
said calibrated mass flow rate to provide said thernal
coappasitus that terivesadin€ar fretjiendyl @e@mpptenstBref el ok low; and
apparatus that determ nes a thermally conpensated fl ow
r aBRPRGiusstiiall uses Paidi driviel frequastoyrF and seiplinese drivesaiciency

con AR e o 25 O RGHE ] A By o
con B8 B T B RO o e
Coprirapty, Shid AhShraid Pt Felil Vs 8 Slibratdd constants comprises:

apparatus that receives a mass flow rate #: from a master Coriolis flow

sign

meter,
apparatus that receives said second signal to derive a flow induced time
delay At and said drive frequency F of the Coriolis flow meter:

apparatus that derives a linear drive frequency constant o, for a nominal
time delay Aty ; and

apparatus that uses said qrive frequency F, and said linear drive frequency
constant ¢, for said nominal time delay Aty and said mass flow rate 7 to derive
said calibration constants. |

Preferably, said calibration constants are:

At Aps Oy Xy

Preferably, said apparatus that derives said calibration constants includes
apparatus that solves the expression:



apparatus that uses said first and said second and
said third signals and said calibration constants to
wdebwroaisae a thermal |y conpensated fl ow rate fBCcTAER@4/030492
Coriolis flow neter. Preferably, apparatus that
determ nes a drive frequency F fromsaid second
si gnal ; appan s that derives a |inear frequency
cal i bration g¢ofst ant aF for zero; apparatus that
derives a coefdi|ci en&u L r fI _@Q?gat us that 1.10
derives a |i ec@r“f tenp constant al hF for
flow, and appar‘at us that uses said drive frequency F
and said lin dri ve frequency constant aF for zero
and said constant alh for flow and said |inear
Wherg equency (tenp) constant athF for flow to derive a
thgrmal |y cosnp gdiapw rate. Preferably, said
ap@ar at us that%@?‘?%s{@gl d cgl i bration constants
COApr i ses: aﬂomﬁrmlttlmddheiayrecel ves a nass flowrate m
froma master Coriolis . flow neter; apparatus that
regei ves saiMageE Jﬂ‘ﬂﬂbﬁ%nal to derl ve a flow i nduced
t| del ay %rl%‘? grl ve frequency F of the
riolis flow ne apparatus that derives a |inear
drp:ye frequeDnyeEwml@uy-aﬁommalaermﬂ@Wal time del ay
; and apEarat us that uses Ld drive frequency F

anth’sal dlin '@ﬁaHFTWeF‘%&G@ﬁa/? & 9nt aF for said
nom nal time _dela mass flowrate mto
defive said Qgﬁhdeé}?[rglﬁ?%chs@Et Pr efer abI y, said
cal i bration Eonst nt ( m.

b
F Pref er abl y -INE&f eﬂﬂﬁﬁ?% BUP) §3M=SET | ves sal d
¢ DAl ApHARs i deies; papnelal) dafpeasarcd mass

flow rate solves the expression

_At-At —(F-FK)ay

1.5
[cx + F F mF]

Where: .
At Flow induced time delay
Ato Nominal time delay
i Mass Flow Rate
F Drive Frequency
a, Linear Frequency constant for zero

a. constant related to FCF

o, Linear FCF frequency (temp) constant
DESCRIPTION OF THE DRAWINGS
These and other advantages and features of the present invention may be
better understood in connection with a reading of the following detailed description
thereof in connection of the drawings in which:

FIG. 1 discloses a perspective view of a first exemplary Coriolis flow meter

embodying the invention.
FIG. 2 is a top view of the embodiment of FIG. 1.
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m Where Dt Flow induced time delay tO Nominal tine

delay m Mass Flow Rate F Drive Frequency Fo Drive
weénemweney - nom nal zero flow aF Li near FrequedaTyus2004/030492

constant for zero a m Coefficient related to FCF

Li near frequency (tenp) constant Preferably, said

apraGaBus atfierit W iof &% SRbadIinhe@nt B HIE, gonpensat ed mass
fl rate sol ves the expression Were: Dt Flow i nduced
ti %\/Gdg

'3 arpes-Reftional viawtakes %lgngdinfasé—%?wmaz.e F
i i whh t or zero
21 IPI6, STELRABN shonind fR Rt AR R AR iRl ind flow

tubg termperaturest ant DESCRI PTI ON OF THE DRAW NGS These and
ures of the present invention

d d feat , .
%ﬁ@ﬁ&%&%&ﬁﬁga‘%@g erAtopsReRe R eRidrivereqmtion @nd
matefiaf dghditg! | owi ng detail ed description thereof in

connection of the drawi ngs in which: FIG 1 discloses
a FéPSpédl areegraphw shiovdng threscollsctioplofidat=Cduiing talitrhtion.

TE RS TR LB SR P H P 5 S U s o

metehane tbdeiciirie Alasklifow fate G 4 is a cross-sectional
vi ew_t aken al ong

lines 4-4 of FIG 2.

FIG. 12 illustrates the derivation of the calibration constants.

FIGS. 13 and 14 illustrate the comparative accuracies of the use of

frequency changes versus RTD to provide thermal compensation.

FIG. 15 illustrates further details of Meter Electrons 121 of FIG. 1.

DETAILED DESCRIPTION

Nomenclature

FCF Prior Art Flow Calibration Factor

o Prior Art FCF temperature coefficient

At Flow induced time delay

Aty Nominal time delay at zero flow

i Mass Flow Rate

F Operating Drive Frequency

Fo Nominal Drive Frequency (under normal thermal conditions)
as chosen by the manufacturer

ZERO(F) Term describing the effect Frequency has on Nominal Time
Delay, Ato. Equal to Aty + (F-Fg) e,

Oy Linear Frequency coefficient for zero

o, Proportionality Coefficient relating At to mass flow.
Similar to FCF in the Prior Art.

Qi Linear frequency (temp) coefficient for o, .
Similar to o in the Prior Art.

FMUT Flow meter under test.
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FIG 5 is a graph showing the relationship between
drive frequency and flow tube tenperature. FIG 6 is a
wgnreph4s2owi ng the rel ati onshi p between drive PCEQqS2May30492

and material density. FIGS. 7-9 are graphs show ng the

collection of data during calibration. FIGS. 10-1 1
Deséafistidd efFicharts of the nethod used to calibrate the

Coriolis fTow neter and to determ ne nass flow rate m

FI EIG1% s a pessnastivg viave ofia firstnassiple pxemplaryienthediment of a

d b .

CorBHE TR Sor SRy L Pt A 150 TR v o

flowttaberig2iinsertdtethraligle CHgse”rmmerbf Hase. 10H° PickusfisrleP@and RPO
of Meter Electrons 121

f h d f FIG 1.
and AT DEperauplachin A Al TS Ve nIatsr H0 §909as 2PEIpess
matéRal A iroRTs Y flbe™ 64 aRf hends e RIPRFGHA Brocess
connéctondtdio #aw heveo102.0Wlow hktwes 162 mwibted Bt Op eesdriang
e AR U TR ARl 1o v
deté&ét!lﬁ?%‘idkt&’fs IZEEE%E)RPFG rvﬁﬁnéﬁ?%ﬁ%’g@@%lé B@eﬁéélﬁcgdctors 112 and

Frequency has on Nom nal Ti e .
114 4o (orics flaw roctariakectrorfes maén@@rl@b%flﬂwan@tﬂr eﬂ@ﬁtrmmaﬂ 21

reocfes reg Rk AR G ik e phpeSpiriente bR

I determines
the fre€UBIREYCHT dgcﬂmﬁbn@mfaﬁp;ﬂie@rdut,mnnmrmatuoﬁlp@nlamng € thd Material

the Prior Art. FMJT Fl ow neter under test.Description
flowggverogtput path 122 to a utilization circuit not shown. Meter electronics 121 is
shown in further detail on FIG. 15.

The material flow passes from flow tube 102 and through tube 106 which

)D

redirects the material flow through return tube 103 through process connection 107
to exit tube 105 which delivers the material flow to a user application.

Process connections 107, 108, 109 and 110 connect tubes 104, 105 and
106 to the ends of flow tube 102 and return tube. The process connections have a
fixed portion 111 that includes threads 124. Locking holes 130 receive set screws
411 to fixably connect element 111 to base 101 as shown in FIG. 4. The movable
portion of process connections 107 through 110 are threaded onto male threads
124 to connect their respective tubes to the fixed body of the process connection of
which the hexagonal nut portion 111 is a part. These process connections function
in a manner similar to the well known copper tubing flared process connections to
connect tubes 104, 105 and 106 to ends of flow tube 102 and return tube 103.
Details regarding the process connections are further shown in FIG. 4.
Description of FIG. 2

In FIG. 2 is a top view of flow meter 100 of FIG. 1. Pick-offs LP0 and RP0O
and driver D each include a coil C. Each of these elements further includes a

magnet which is affixed fo the bottom portion of flow tube 102 as shown in FIG. 3.
Each of these elements further includes a base, such as 143 for driver D, as well as
a thin strip of material, such as 133 for driver D. The thin strip of material may

comprise a printed wiring board to which coil C and its winding terminals are
11
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FIG 1 is a perspective view of a first possible
exenpl ary enbodi nent of a Coriolis flow neter
wentmipi«ag the invention. It discloses a flow reras208030492
having a flow tube 102 inserted through |egs 117, 118
of base 101 . Pick-offs LPO and RPO and driver D are

affixSQUIFi&d oo LP'OQéMd RP@ A9 halré %Vbdfﬁis?;fona bRseeedfferd and a thin
process material flow from s? tube 104 and extends

striptfhxedftodie top ofitie hasscelemardndbig avanaeyentfacilitates trmounting

of a i ah Aot P 14 06 aeBaifole e By B blebs' GG = maonet M to the

undérefdd of fraw Gbie, Yluisg ded teit C t@rmpﬂmtedd/elhagtb@dardby 33 (for driver D),
i ck-of fs LPO and RPO whi ch ap nal s, ov

posigenigddhecpening incel {1 areunddhie; P%@gt'f Momavingine coil C upwardly
so tRGAETRAY TR M # ity Rt ﬁm W&&fce{k%%técﬁgﬁcgﬂgééése

recerves Si g det er ni nes
elenaéritl e3eumdernestheibe, privdecd wiringeboare 33 and ghuiyg tese elements

togeller seo Tk Aes PRIOTI a0 eVt DR ISH LAY HIUESS B Syiacs ofthe

mas%fv'é%?s@‘l%‘ circuit not shown. Mter el ectronl cs 121
is shown in further detail on FIG 15. The materi al
fl ahepnabdbreaobrﬂﬁ @fvmogees @orzn%nt@nsth@m ardhehawes on FIG. 2.

whi ch re ow,thro et ur 5
The BASTadtBl R Sheh blGeER b Bhis! Ao A P G 4 Dbt 132
recémsC&br@tﬁjdtmrﬁz e 3raridet 14l Cbliols flowansige electronics 121 of FIG.
i cation. Process connections 107, 108, 109 and 110

1is GQEﬁb@WntQan%@ Poio MiniBizerdraniey complaxityn dtovsever)ilig to be

a3t oy 09 e 2 S A 0F SRR ARG 501192 o

furtHWb%ericSSv&érﬂﬁﬁhVIQSScﬁtFl@C NeoCdridit flow fetadlgcitomosof FIG. 1.
el ementflll to base 101 as shown in FIG 4. The

Desgption af 559, 3and#A process connections 107 through 110

ar ?Iéhé%ﬂ%fé{ﬁ& B IRPD. REEHIS gégér Ig]?a frﬁﬁ?ﬂﬁﬁém%%?hégnet M

respective tubes to thé tixed roc
affixedrtodbé ibottoof pevtion lof flbe thbe aI@Qrmid awoil ;Qaaifnxed td the baseaof

art, Thes s connections function in a manner
eacfgpﬁﬁleé?e@%%%?"ﬁ%m opper tubing flared process
COFT@%HQE%@C@O%QQ@& alorgameld 4. ofﬁé QnCFIéOﬁ disclesssall the

of flow tube 102 and return tube )
elemenfaralifg. Brandiudbesdeiads o8 proasss Qozneeﬁtl@n%% ahd\i99iand

oS, REREP R RLAED 8o b2 Shfe 3 A
d.sc%gffﬁip}éﬁnﬁ%cﬁ%% ;rrdémm aoxpcm bae 16ac Tref tophfsaichl of Retes
openings extends to the lower surface of the base of pick-offs LPO, RP0 and driver
D. The coil C and magnet M associated with each of these elements is also shown
on FIG.4. Coriolis flow meter electronics 121 of FIG. 1 is not shown on FIGS. 3 and
4 to minimize drawing complexity. Element 405 in process connection 108 is the
inlet of flow tube 102; element 406 in process connection 109 is the outlet of flow
tube 102.

The fixed portion 111 of process connection 108 includes male threads 409
which screw into mating threads in receiving hole 420 located in base 401 to attach
fixed portion 111 to segment 401 of base 101. The fixed portion of process
connection 109 on the right is similarly equipped and attached by threads 409 into

receiving hole 420 located in element 401 of base 101.
12
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magnet which is affixed to the bottomportion of flow

tube 102 as shown in FIG 3. Each of these elenents
wouodslver427 ncl udes a base, such as 143 for dri vecTDS203/030492

well as a thin strip of material, such as 133 for

driver D. The thin strip of material may conprise a

Pr FiXe8®I8ient 919 Rbfodeds WMonRBclidh h0& faviser ih8luWk8 @ thesaded
termnals areaffixed. Pick-offs LPO and RPO al so have

portioncld4 whpoa thregdp deecive treemovable rettian ¢ 15tafinsoeeseeepringction

108 ot LlnutRReR D08 IRl oo lbdeds FREUEBMSRt 497 of grocess
confsctidbCToBiurtlee thdhddden s ésfba conalistuy 41 3mbiiutt tolybther with
t he undersi de of ow t uing the caoil Cto

fl be, gl , _
movgplenglemant 41epdsap@ fiave fi(?w? todiorcrthepjghtiging of laaq?wgbe 104

ovet B8 ARSI SOy PO TGRSl o pReing
that spalzibhgaffies dhé fieyed braenipy of supply tghd 464 ontte thencorfidd stub

und eath the printe i ring board 133 a | ui n
portofEls of bichSrtBHGRl e 5rovhse GandeElion o Mgk EEnaw fube
1021j$ Ea&iigﬁs@ iPPrtiess cofnbEforsiddPsaHioh MNeantRRAULH iBS face 425

116. The nmale threads 124 of process connections 107-1
of stlb 413 By thia noeard, the praceshanatariak delvesed by stipplydhbefi04 is

.h I h FIG 4 i 13 :
recapyitpy MUSEER AL ff 2998 $02. T phods MR dohe eyt ot
thro§h flowetupet 102niocetidorfibn Fh Gof brocestdormenvn a09kHare 2he

to mnimze draw ng ver it is to be

1g_conpl exity. Howe ) i
outleidRa of o tubeif 02 iefleginwiltb faees 423 of stbzd Bhd Thissesiakdy affixes

e R ENPGRE 8 APl B TR A 4Bl e 17
and 11008 RIG. (it arenidentidal (thosealubchibéd for iBesdtetas of privcedd s

LPO, RPO and driver_D as conprising a magnet M affi xed
conpections 15 aren1B8an B3¢ 1 ow tube 102 and a coil C

Ge!ﬁ,&,igrgg!!&qgé%@F;@g%_olfz‘each of elenents LPO, RPO and
) g ectional taken along line 4-4
of TRe@veéntionFachievediesmperatse abmpeinsatide ok titesmaks Fb® output
3. ang. further details of process connect,ions a
of a Fg ol diow. e Bng Ve isleaey S8 BolRRay T dbs
. i | i ’
tempRretEiibe: Chiisdihiclile HeatuRRBooRoR ARG BY

calcofztinigrthe tiene: dakly (1) hetwebniies iretrdrateuttst arids dfdbe acfive
ick-offs LPO, RPO and drivyer. D. .The coil ,C and nagnet
orfraaiBe rrainaiion LReeT ore CRish tpuiasies A5 e TR GRHay at
| _ M h ; .
zerdiﬁ‘?\g (@8?'33%\%%8tér?sﬁdc§%t?%ﬁ% fiohfHe &tGiatetim@fdedyiuring
flow to produce a value that is directly proportional to mass flow via a proportionality

constant «, which is termed calibration factor (FCF) in the prior art.

Fluid density also affects the drive frequency of the flow tube. To
understand the sensitivity of frequency to temperature and density, the density
effect must be characterized and compared to the temperature effect. The Coriolis
flow meter of the present invention may be used with slurries whose specific
gravities are quite limited. When frequency is to be used for temperature
compensation, the affect of changing fiuid density must also be evaluated and

determined to determine mass flow.
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4 to mnimze drawi ng conplexity. Element 405 in

process connection 108 is the inlet of flow tube 102;
wehewmai42406 i n process connection 109 is the 8aTiUs2008/030492

flow tube 102. The fixed portion 111 of process

connection 108 includes male threads 409 which screw

I NTThenfisw fubel Mbestits respordeb\uhaaglslirttebdferaanat Ethdse changes

base 401 to attach fixed portion 111 to segment

401 of
muss hgconsideresi do pRguiatel CRIGIABMA iRk sateon adtionaliy g3TD
T s e

on at0ihactivd agdadd df thel Qerole tabentThid s gdneralbcdsse outside of the

copnectipon 108 further Jinclude t hreaded portion 124
bradh RSk o B ASCIaSER O R Iath TP n R S 245 dbt Fow tibe.
Thebé RCES aeBPE 8BEIGH oL R fidW RARSSn WIS tbPPerfdllrd Measurement

simlarly equi pped. Fixed elenment 111 of process

represantative of theflow iubé eanibeonade byenthermal s¢nsar positlangd on the

4, kch.toget her with novabl e el enent 415 acts
flomi;@ﬁg W'@PX%E?%%@U{IJ&?PSF%@CYhe ri ght end of input
t ulihelfiésentshvémtor:@steer ciidrigesin Howotubkitsepepstutd b
111. This creates a conpression fitting that seal ably

monjfaringedyiverfeequancyd Usies drye dreasigpey it acrasdance withdhe pessent
. ni cal ' f ' :
inveiiSh 8 defiiing forphSPashre chdiges e beitbphaite Jpnatl ottt raises
the Ifmb:y\lliﬂl@ E;sdes.ﬂ T]theqn&xsamm?aeutesotenfdammr@osinigoam RTD thedmal

IS ush wt ace 425 of stub 413. thi s neans,, .the
sena%%@ggt%%aisrﬂcoaéﬁmr'eacw BQIHBP;P?¥% owdybe and ‘”Jérs the

' j 5 of flow tube 102. The process

Cor@?i‘o}@l‘ﬁbﬁtg f&btut e right through flow tube 102 to

f i Xénd pethadoandlapparfatys otthepresamdoventionlibpranes acturacy of

utl et 406, of fl ow tub aiOZ.istuhwitthface 425 of.
the ampSiaiue deleanioglion RS alsd ImRroveR I (lteh FespopsS Ime in
detddtiPg dRperRurOBRaS§ey. 109. The ot her process :

connections 107 and 110 of FIG 1 are identical to
t hd¥eerigsingi frrauensy ashe maansitp sletgct@anccespensateden ons

108 d ., 109 E e | Di i f . Fl .
temBerasink GandsSna TG Il SRR XA G AF S OlHiSD iR st of
2k _
o Ay AR ol 51 A LR o

equatopandtaleaestbquages pSeudolinverse probletneis setraps Wssumesthat the

. flowdirectly by calculating the tine delay (Dt)
p.c%ﬁ ﬂ@gw fhds aﬁ‘ua?t'%afu Hass élgweam%d'a\fe fragueley ve

portion of the vibrating flgw tybe of the Coriolis
flow meter. An offset t‘g’?rﬁfz@’ at 1.1
This can be expanded about an operating point with a Taylor Series:
. . .\ 0O 1,. &
A= f(mO,F(',)+(m—m0)5%+(F—-E))a%;—+5(m—m0)(F-F;)amé; b2

Equation 1.2 is a full expansion and could be taken out to an infinite number of
higher order terms. An optimal fit can be achieved by taking terms that effect zero
flow and FCF linearly with temperature and terms that effect zero and FCF
quadratically with temperature. However, over the operating temperature of the
sensor (18-28C) of the present invention, behavior is linear enough to use only
frequency terms effecting FCF and Atp linearly. Doing this and re-labeling the

partial derivatives one obtains:
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zero flow (Dt0O) is neasured and subtracted fromthe
calculated tine delay during flow to produce a val ue
wohede/usi2di rect |y proportional to nass fl ow vi BC&US2004/030492
proportionality constant a which is termed calibration
factor (FCF) in the prior art. Fluid density al so
affects qpe Agdr i RAUENEY- ¥ oA g flmyy(F o, 10 1.3
under st a%g_tAﬂOJ igﬁisn?)t%i%vi wf Fgﬁ( (}’)'( uk}%) rr"]-'oger ature
and density, the densityrRiddtt nust hbeadfar act eri zed
and conpared to the temperature effect. The Corjolis
Now/| weariangertheftermeby geauning thrssassniciatag wih zeyedloy apd those

sl urri e specific gravities are quite limted.
ass\%@&# S@ay@&gy is to be used for tenperature

conpensat i\on,[ At-her af f hangi uj ensi t _

rrug.tp al so 9e= [é?/‘)a-ﬁggt éﬁy%n&tggt Z’?"?f[‘?f’gglut?o }ggfg’gr:ﬁu ng 14

Foﬁ‘cﬁoﬁ}%g%ez}\%gpﬁ%o% %\gfnﬁnglewmib ,eéci] Htor ‘Eﬁ Q:%ﬂdthég é)% d to look

ure. ese changes'must be considered t
: r -gal cul ate mass flow rate. Traditionally,
IIKG%BHW%OEJ%PHS%SOW are used to directly neasure the
tenperature. They are posiAfj-offed Fpjuan inactive
surface of the Cori #% 5 1S general ly done 1.5
outside of the brace b "'fs"). The/%irscl osed Coriolis
flow neter has a. single-straight flow tube. There is
A%@fiaﬁfgfq"\’%“%é%}ﬁson of the flow tube on which a
t enper at ure measur ene Rr at i of the flow 16
tube can be made b?pgmpéena?ﬁggﬁr{soé% ositioned on the
Dré\/{/iﬂé’ éri@ﬁamg& BettecH EQGatioMe LY LM 1.8Ck RABE seBiethat the portion
preSent invention detects changes in flow tube
of equmiionat.Grrelatiye hotearot asg@ fonthien of euusnsy.isUsi ng dri ve
frequency in accordance with tZe present invention to
det er ni ne tenperaZER@(eﬂa‘nE@s"‘ Ad Gdepénsate for flow 1.7
output raises the follow ng issues. The prior art .
andriss pesiontafeoiation 1 (elating n'firvocalipsaiipn fagieis gs a function of
f nount ed. on a secondary or inactive portion of the flow
FEHYHEYARd i nfers the Coriolis flow tube t enper at ure.
The net hod and appara{ us of the jpresent invention

i nproves accur acy f6# Iﬁk:?rrgjg?_?)—e—d‘t ermination and 1-8
?Iesoe:rg'tplrjo;eshtﬂe ;ret\%]er gp_ e tV/ferin detecti ng
Reb§TRE LR LRSS ol EP ARG, AUARERTE: Tl TEaRESauares

Psd@db-Mivepse besblgmpansi on on Dt isolates the effects of
frequency and mass flow on Dt . The expansion is

arranged to |l ook like a flow Az,

: . . a
At:[l (F-F) m m(F—E,):I a:: 1.9

Cir

Assuming we can record At and drive frequency from the Coriolis flow meter while
we record mass flow from a series connected master Coriolis flow meter, we can
solve for the column vector in equation 1.4 by multiplying both sides by the pseudo-
inverse of the row vector:
N,
aF

o 1= pinv([l (F-F) m m(F —Fé)] )N 1.10

m

i
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equation and a | east-squares pseudo-inverse problemis
set up. Assune that the pick-off delay, Dt , is a
wouowiwon7of mass flow and drive frequency. ThPeTaam00B030492

expanded about an operating point with a Tayl or

Series: 1.2 Equation 1.2 is a full expansion and could
Equé’tﬁ)ﬁ #KONs M efQafich Weliddd @sédilﬂ%ﬂfe pleskhg enfioll & optimally

terms. An opt|rral fit can be i eved by taking terms
charapigrizefthe senseirotempsiatiiig depenfene&ry with

! Sﬁgﬁﬁt}bgﬁ%ldaé]a&nh%re e n%%rﬁg?ﬁé%ﬁgégzlﬂe%r @%geﬁggn%e on

temmailﬁléj Becaasp of #iis comperdatingdlomofor(téthp2estliretffedts using
pr esent |nvent|on behaV|or is |linear enough to use

d”VQ)fﬁP?UW%/q%’%Q‘rH‘} is adYANI@PPRUS i ng FCF and Dto linearly.

&g and re-labeling the partial derivatives one
Desﬁd{t@?‘nb dicK-l ot(mmo)alh + [F-F 0) aF +(mm 0)(F-

FOFIGE Aillasitates therelationghip bietween erive fiageency and temperature

ST o
in ar?‘?x?é’ﬁ\nﬁ‘fo@@ téﬁﬁp@réth%aéfc Eléﬂ%'étﬁegnoofﬁﬁld'éﬁld Mhbér trend

Fo) ali . For conveni ence choose nom nal
line wqadlt rt@ eagh dateaaeit wdmeséoararwh@@a and the skerifird opera ms range

for 593G ol S5pBeh e B b 00 (il el of cach

tren®lipwisng Ry m'wgbah@sﬁﬁ%i‘te e eéngivatylofdrivedrdquiancytas 14 Hz
can be seen that the portion of equatlon 1.5 relative
per full scalg empeyature $MéRg.on of frequency is:
Des&h ﬂ£ +(F - FO)aF] 1.7 and the portion of
5 relating to "flow calibration factor"” as
ahFl(.fB.C@ igm]:;mi diiiveefreguency \ersiReflnidt spegifiqgrat ity forthd same two
conis vt ke S35 500 S, S b shered to measurefow

rate of slurries whose fluid densities are from 1.0 fo 1.3 SG as shown for trend lines

603 and 604. Three fluids were used to span the density operating range of the
sensor. Three data points were taken for each sensor and a trend line was fit to
the data. Using the slope of each trend line, we can estimate the sensitivity of drive
frequency as 4 Hz per FS density swing. This seems significant, but is should be
noted that each Coriolis flow meter is installed on a particular process usinga
particular fluid in this range. Further, once installed, users typically calibrate their
process to the actual flow output, eliminating errors due to new process fluid in the
device.
Description of FIGS. 7-12

FIGS. 7-12 describe the method by which the calibration constants

AZ‘O Ns4 7o am R Olm 7 of flow equation 1.5 are derived using the calibration

procedure of the present invention. These calibration constants are derived using
equation 1.10. Once derived, these are used in flow equation 1.5 together with the

measured values of drive frequency F and At (Flow induced fime delay) to

determine the measured flow rate 7 This is described in detail in the following
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Al =1 (F-F 0) mJh(F-F 0)] 1.9 Assum ng we can

record Dt and drive frequency fromthe Coriolis flow
worimro4w2rl e we record mass flow from a seri eSPCT/US2004/030492

connected master Coriolis flow neter, we can solve for

the columm vector in equation 1.4 by multiplying both

si des by the pseudoi nverse t r vect or Q .
paragraphs. {Fhemjlgmtwpmqr@ﬁntﬁ?; z@ﬁm@gn mﬂ.%%eé“’?@cﬁg‘s'“ga
equati on we need used bgﬁihe present invention to
fourdpyelRIPFSIWE ASRex deser sensor's tenperature
JePCRA—A D oris TR HRASCaRPiHe Coriol IR nidtBARPBE Xalifited are
a [1near dependence on tenperature. Because of thrs,
cononectedns aefieg ahb atesbflowespppliadir Ehe flbwcdatawoirmegpdnding to

f I d i d . ..De i pLi f. El G
Runs' EAGT 10018 1 iowiSused BT B0 Saliauhty Thel ted Mdliiner
idelftffyﬂﬁg'@rﬁ‘&é‘s N of a{@ﬁfaétérrtsstfrﬁétérmdftbﬁwetralﬂaee/ﬁ@ala@ﬁ@don

I'mes 501 and 502. The flow tube sensors were pl ace
contributions e nt iehalsxawn énpablat ur Ehevmeasyced hasstiloverronttherdaster

3 . Alinear trend. line was f.it to.each data set of
Corioindlowgpetelancsthe SHip Ranepee) Pried BRanE for Melapar® shown
in Fi@r7the sensor is shown between dotted |ines 503 and

504. Using the slope of each trend Iine 501 and 502,

we can estimate the sensithableyl of drive frequency as

14 Hzper—Hult—secaleteaperature—Swengy=Description of

FIG B FIGYS graoﬂgaﬁ;ﬁ\%’vrg/ga@encv!/:h@%r bgratirg ©

specific gravity for thegzggne two [sensors pg trend

i nes| 601 and 602| The sensors are specified to

measure fl & rate| of slurdQ es whose fluid &nsities

are fremt—1—to1-3-5S6=as ﬁhamf r—t+end Léﬁes 603-

and 604. Three fluids vve?g used to span the density
operafing range of the segpor. Thriee data pgints wene
taken for each sensor and a trend line was fit to the
data. Using the slope of each trend |ine, we can

o HEangandiecRans g i She BantSC BT a p g the series
conpBetebideHEC HRGIRKIdW Aletepasing e Rurtedt rans BEtTRbId $ are shown in
installed on a particul arKgrocess using a particul ar

FIGt FuiTde fieut Rirs agngfowirat FKer7 togetheriwith the eerrespanding values
of téf*Bél%%']é/ dﬁ% 'lf@q%ﬁc{, Eﬂa "t for the master Coriolis flow meter are used.
Line 703 represents the flow rate of the master Coriolis flow meter.

FIG. 8 illustrates the data obtained for the four tests runs of FIG. 7. This is

the data profile that is used, as subsequently described for equation 1.10, to derive

the values of the calibration constants AZ‘O N4 o OJm ) Olm 7+ Line 803 represents

the flow rate of the master Coriolis flow meter.

FIG. 9 shows the results of using both frequency and temperature (RTD)
compensation for steady flow states. Both methods give a good data fit for
calibration of the Coriolis flow meter during steady state flow conditions. FIG. 9

shows drive frequency on line 901, temperature on line 902, flow rate 7 for each

run on line 903 and the error rate on line 905. The results of both methods of

compensation are represented by line 905 since they are both congruent for steady
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process to the actual flow output, elimnating errors
due to new process fluid in the device. Description of
wOehwB/0474212 FI GS. 7-12 describe the nethod by worais260he30492

calibration constants At . , C1-, , CC. , O . -,

of flow equation 1.5 are derived O ' F m' nF using
statgrte,g“;galmg aECPACPILPRLHE] Bf ZeRE cROE ftHoth AY&RbHS Bcross line

hese cal i brati on constants are derived using equation
905hliour fasteurder i ved, these are used in flow equation

1.5 together with the nmeasured val ues of drive
frg&}@ﬁe{eﬁwaﬁa 1%1@!1?%%%@% eNfe Sgexagytes dhe data
. I )
prof R ABSCTRABHS imblaefithe diieratbriesrichyd B Fl6se9-0.
Descdptiompf EIGSJPamd1l- , , CC. , CC. p are derived

[ f I I t d i bed, A
et T # o FrgfirnaBHh EsaoRg faw it relicchaft apaaratus
of tHePpRBehtinvBRRGLHeRles HRIQABATbr forstantes RGJ 18 digdbses a
flow is applied. The flow data corresponding to Runs

plurality offorqegsisingloberogiamsteregach representing one or srpre piegram

st Egbob Sk i, BerheS T o PRI S BB RS 21, e
instictibAs ah®vretuted Byl frodessbire SORasfUhe Coriatis flblvowetdr@Rctronics
master Coriolis flow neter and the seri

h
121 i eaulte Siteer eing SFOTSAn BieTEnE] S0k o bR Metel G
. I
slechonlébibdind Bt JRESHE ulBSycr th 199 TS HBSSEHr FIG. 10
. L 1 . 1 t A .
derifBS Hf% baidraith ERitantSINIY g L A2 T Beled Bittation

confighfieeia Tputiedly L, FEHRBRESE A% N B ustve mteruperature

confpinsatddmbkoWolEkes #ar e used. Line 703 represents the
flowrate of the master Coriolis flow neter. FIG 8

i | 1IQrsFIGt Hs alersedh G0 mresivesdthednpytick-offisignals anddram LPO

andRRO G i RS te Sefieht ohbs Whln Sesii rstie
info@&t’ié(rg{c#ﬁ%i\fg t{l{e%tggﬂghkﬁtaéﬂooﬁ\ecd}%tﬁéﬁ&&yt R of iMow meter

represents
under test. Element 1006 receives from element 1003 the signals representing the

measured flow rate 7 of the series connected reference flow meter. Element 1006
receives the above indicated information from elements 1004 and 1003 and uses

them to derive the calibration constants Ato »Ap, &, - by solving equation
1.10.

The derived calibration constants are extended from element 1006 to
element 1106 of FIG. 11. Element 1102 receives the input pick-off signals from
pick-offs LPO and RPO of FIG. 1 for the flow meter under tests. This information is
extended to element 1104 which derives the At and the drive frequency F for the
flow meter under test and extends them to element 1106. Element 1106 receives
the outputs of elements 1104 and 1006 to derive the temperature compensated
mass flow rate of the flow meter under test by using the equation 1.5 indicated in
element 1108. The terms At and Atg are derived by element 1006. The expression
F— F, in both the numerator and dominator of equation 1.5 are obtained by
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the flowrate of the master Coriolis flow neter. FIG

9 shows the results of using both frequency and
woenp@iaar e (RTD) conpensation for steady fl oRCSUSR@®S/030492

Bot h net hods give a good data fit for calibration of

the Coriolis flow neter during steady state flow

elerfrgﬂfjil ﬁ(b fBm e:IEﬁen? ﬁggy‘ﬁrh‘eﬁ‘e\’rﬁ & T RAgBBReRy tHeGleffEht 1004.

era ure on low rafe mfor each run on

The r"fe%s9 3 2A8 %, L ereesitainetiFicn @lerhenet AR,  The resul ts
bot " met hdfis of conpensation are represented by

| i MRt 3106 enigieys all ef tet fermergr therright srdesmfeanmmat*es to
flows. This accuracy is jndi cglted%% Z%é@ error
prowideta mmawre@pawnsat%i eSS How el Putns {0 A tser ON)B'E @ytput
5 1280F5E AGR et elciRibOfafl CS. 1 and 15, executes

ta proceéssing tions required to inplenent

Deddiptiopef&Gong shown on FIGS. 7-9. Description of
FIGS. 10 and 11

ool anrerashonion breen RSB0 S prase e
calrb?%/tgq%écgn?e aar(re %:Z&?@tw > @i p Q};‘élstgﬁnqéggﬁé@h Zr‘l gmﬁl &gnvatron of

each representi ng one Oor nore pr ograminstructi ons

thedafibRlioncomefanty 50,26{%f , Qor j e i s df thoevFlost Meter Under Test
el ectronics 121. THE i Astrdtti 8Hs are executed by

51502 of the Coriolis flow neter electronics
10 (F%T?wiﬁ the results either being stored in nenory
1501 of the flow neter electronics or being outputted

use e ath 122. rocess |
der Foe 3Shul el Rershraiens 5 BE08R tpRhe e refgtence fow meter
ToéhritRtdy ﬁ’ﬂsé‘riﬂs‘ Wit tHeOC oRolis flow reter Dhdépkst.ants are
inputted to FIG 13 where they are used to derive a

t-en“'ﬁelrn@emtera:mepeh@m@’d framdhe FMWFate m On FIG 10,
el e 002 rec ff signals and
15 fro %%Lbeqﬁﬂﬂq%&%?gé%ilf%{hé%g ies themto el enent

1004 mhich uses the received infornmation to derive the
detected Dt and the drive fre%uenc of the flow net

Theslmeastaments e adepiile doa FMAT 15 %HIPJ%?T@HéﬂtPFCi‘%ﬁi? “Conditions
shcg\Qrﬁ3 rita%@"lsasw $5W9 the neasured flow rate of the
re

onnec e erénce flow neter. Elenent 1006
recei ves the above indi catfTé&kBLEffor mat i on from el enent s
1004 and—1003_an uses -t hem t o r~|ar| e i Inr at i on
constant|s tRUD og , ldeal RYEEHNSS vi n édﬁ%‘?ﬁ H{J
Mass Flow (g/min) Temperature C

1 350 28

2 50 28

3 350 18

4 50 18

20
The Actual Reference Mass Flow and Fluid Temperature may differ from the Ideal
Reference Mass Flow and the Fluid Temperature due to limitations in the
controllability of the flow stand on which the FMUT is being calibrated.
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1.10. The derived calibration constants are extended
fromel enment 1006 to el ement 1106 of FIG 11. El enent
wa20/merei ves the i nput pick-off signals fromPCT/US2004/030492
pi ck-offs LPO and RPO of FIG 1 for the flow neter
under tests. This information is extended to el enent
110HONméadhrtmeuiﬁ table T,Traumpleanméashgenmbritse)g wcayr:]amn@st Fow, the
t he f| ow neter r.test and extends themto
clRIRergiyg ang| tgﬁe&rﬁkﬁﬂ‘ffﬁe’eﬁ&%m g aain. d@ts of
el enents 1104 and 1006 to derive the tenperature
corrpensat ed mass flowrate of the flow neter under
M = gaf npgasusemgntshef tqubtaeoafomerﬁenmecqutltlesdusﬂmgrfﬁun 1.

d b
N =4 BEmerird AR it Hrel aoffediriethantiuss BLTBS Runi2.
0 =d#l®fﬁﬁ’ééﬁur@ﬁeﬁ%thél’ﬂhrbe%f@Fé?n@rbﬁcﬂiéMéMﬁib@'&?hgﬁt%&

fromelenent 1104. The termaF is obtai ned by

P =¢f ehmaasummentsiad the thrsegfarpmentionedauanstieadogag Rumd.
el ement 1104. Elenent 1106 enploys all of the terns on
the right side of equation 1.5 to provide a

t enpariag theecalibrptiors Rued off$G. 8 by refdrencs hiddls flow & the FMUT
user over output 122 of FIG 1 fromneter el ectroni’cs

temperature@asd the FMUT diiveif@quedcFa® eaeh beansasured it Nod+P
to deri e t he

T e
beifgéalviedusinglBquaiieh 9. 10 HHWevé‘iF it |§?éédfﬁﬁ1'eﬂaeefthéﬁﬁe sum

cal i bration constants
M+NtR+ be naueh me@&ﬁmmﬁarth@number@sﬁpa(amiers betqlg| s&l\sed for. This

o R BaPNHA PARRAHEE R RS ARG o sone

CorTmbhmlrfdt@bbnﬁEan letdessdupsd M=NI@8PEes@thHt€he total number of
measur enent fromthe FMUT. - Drive Freguency

meggiyemestie at rqf@r@meﬂ\éaﬁ/ﬁpw Th@Eé/lufEa@np@raémesam thenbMWT

frec{ﬂ'{?ﬁm‘i id E%njl:%%‘@ aﬁlg‘i’éign }fe cﬁfb%ﬁéol%ﬁbﬂ'ht g{m‘lalp Equation

1. 1@§ediieiadam5 by héisie1 Iéhdwla:nmte&llml FOGTi&ﬂmalsatdslhbﬁ/nﬁ'nzl)F@dfmer
F t
fr?fénrégeaﬁﬁga {g%ﬁé %eﬂf I\/h%?% hch)c\a,\(/i%glon 1. (130 is lsjolved, four values

are obtained, namely AZ‘ N o 0[ oA F These are the desired calibration

constants. The term AZ‘O is the Zero offset of the FMUT. This value comes from

zeroing the meter in the traditional sense (i.e. pushing the zero button). The

term& % is the linear Frequency (hence temperature) effect on zero offset of the

FMUT. The term Oln.z is the Flow Cal Factor (FCF) of the FMUT.

The term Oln.?F is the linear frequency (hence temperature) effect on FCF

of FMUT. These calibration constants can now be used in Equation 1.5, to
calculate FMUT mass flow compensated for frequency (hence temperature) effects.
Meter electronics 121, shown on FIGS. 1 and 15, executes the data

processing required to implement the operations shown on FIG. 12.
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controllability of the flow stand on which the FMJT is
bei ng calibrated. For each run of table 1, nmultiple
woramimenent s of Actual Mass Flow, the FMJUT t eRpEMUSL0OAB30492

and the FMJUT drive frequency are made. Let: M= # of

nmeasurenents of the three aforenentioned quantities
DesetbficloRRs 113 N = # of neasurenments of the three

af orenentioned quantities during Run 2 . O = # of

mek@r édshowsdhe resulisrofaising ieauenay delesminationite iagbieve

therf{i] B Satlon 25 Geinite a6 i GRE BHRTE) nehfal 25 R to monitor

flowaabé reriuienoy But prodideltikerntal dohtparsbaoaneGMs %Iédrwvshms the
the FMUT tenperature and the FMJT drive frequency a

meri g ﬁeséenﬁwa%@itqmmﬁféhﬁetqqmenaahonsawaupa@@ toiae Use of the
RTEE)/:NHQ‘LFS egatreé&ﬂ%ﬁ A f(MEPJ@d% e ﬂ{aa?é”rf é&i‘?&l%%w

I'ng sol ved using quatlon ver,
meter cBotick lide d 308 aortrdnes themebtilie-Ghiaired usioh I@Tlastaasonsh dhotted
.t n er o ara ers bein ol.ved for. This is
ine PPl TEH e e GEk Sty B ORTOHI RS PARILee Irsasdrsgance with
the PRes@h€irfventipg _to solve. To elimnate confusion, let's
assume M=EN=O=Plso that the total nunber of
meding 383 portraysribe elrivadrequansy FiLing 1302 pprtalys the temperature.

.t rature ,and t EMJT f t

LingF BT bBiHA, B8 Tehlnt Mians AR dn s Sl Bpfions of tine

130@%@ ﬂe@mté olthe fhaster! ©1¢ RYDtaRe e Rty dverlal ene
is also shown in FIG 12. Once the data of FIG 8 is

e

: anoﬂmréhe s@sultsHliverging el in theopedioss repigsentad by RPHiees 4393,

bt ai e
1308244 86 IAEE bk sy e iy Mol PG et 100:
contafrignlifed-1863,1 18087and 1300s dtinefl 30B eeprddentsTihieansisd ﬂ@w rate of
cones from zeroing the neter in the traditignal sen

the maséer. JiaailngStrarrcsents hegreshenserpkthedR i ding d 3¢9 ,ﬁ%gﬁesents

e ERUSRINPTRGTATIET ) N SHE 5 o8 FEA R S300ne

1309fre$ﬂ)m1sj€ﬂﬂre gas€&hbaltyethe athe |n thet treridd ofdsanditicyrepmesented by

epper at ur ef f ect FCF of
elorbai B304 BHEATDSP Dt Soqusiah e t5sPobea R Hbias SR et 1305
|ndléé’ce§ hathaespdide CBTBcﬁé R0 Wive? Ng@@ﬁéﬁélégrd‘bw frBﬁﬁ‘H!‘é?BSbhpared
hence terrper at ure effects. ter electronics
to trmﬂ ofthe masiass. THe sanie thseavadiontrosy bieendae wn}hrr@epecstl tngelements

1305%%{%{& {Q’B?IE,% | errégﬂ&? E%w?&f {Jg‘ltng Pesqusé%%%ompensetlon in
portrayed by line 1309 follow more closely the response of the master as portrayed
by line 1303 then does the results portrayed by the line 1308 representing the

results obtained using RTD thermal compensation.

The mass flow rate 1;11 ,r;zz ,7;13, and 1;14 on FIG.13 correspond to the

correspondingly designated elements on FIGS. 7, 8, and 9.

The conclusion to be reached from an analysis of FIG. 13 is that the use of
frequency monitoring to provide thermal compensation is far superior to that of the
use of RTD when accuracies is desired during transient conditions of the mass flow
rate.

Meter electronics 121, shown on FIGS. 1 and 15, executes the data

processing required to implement the operations shown on FIG. 13.
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FIG 13 shows the results of using frequency

determ nation to achi eve thermal conpensation as
woaopared7t o the use of RTD thernmal sensors toPODMISRMA/N30492

fl ow tube frequency and provide thermal conpensati on.

FIG 13 clearly shows the nerit of frequency based
DeskbApRST 8f FIE fpnpensation as conpared to the use of the

RTD. Line 1303 represent the mass fl ow provided by the

maEi@r 14disoitses theoanmarative aesurgcies pé the osspemserusing

realdfef bl X810 e PR RERTE "o (41 hortdfs the arive

freqpensy, died 140281@@@'@9§m1¢@températdre ane $inet1408\@ttragdithe mass
Li ne 1303 portrays the drive frequency. Line 1302

flowggta. r bijpe 141 ﬁ’@'ﬁ@é‘? e P@mpﬁnﬁ@'%@@befqdru&?é hyrthe use of
freqPéﬁ%&l q%gcoﬁﬁﬁ%sf& ér%Hg? tflnéﬂ ubO 8t Ry Q'&%n&iﬁé é’rp%s%fof RTD

e r e e naster,
verswse‘r&njueﬁquemtanrgv;mmldaye& nempatabie resiits whsn thesmass flow rate

s eeqally Sasianl HousySr e Hiens B (bt nifigfite

coné"ﬁéﬁs fHeYe e fhads! RIVE Rte I30RISBBINY fandibm@s Alsg%wn for the
8, and 1309. Line 1303 represents the nass

elemmte14ﬁ5 tihe rem:m@e of using frspgencypnesitering {45 c@ggmmis to the
of , t he R 130 esent,s .t he onse usin
mas Ay FatE ) P14 o B FASTer FBIECCIORAY thalf dbS R Rembing 9405 of the

RTL303 and 1309 responses are essenti al | y the sane in

the period of transition represented by el ement 1305.
| n Metar alestopiesskdn shpwh amklGRshand d 51 specues dhe Aaia

procexdfhd lrégq'uﬁrﬁaqé lﬁ'lﬁﬁmétjﬂ%é n%ar e@)‘ﬁts%f@% o;BFR'E‘dH).;’ erges

consicd hat cO he mast er.
DesEHﬁtI@aﬁﬁthsHvatl on nmay be made with respect to
el ements 1306 _and _1307 mnere the r suI i obt ai ned

us AEPTMEYB G- dBneiralecienics } % il Bprecessor 3541 and

re closely the response of the master as
arn%@#*fgégg by line 1303 then does the results portrayed

by Proesdsiond 50308ay epmpsieata capvehtonaldliPUs Alteraainady it may
corf Bk S Bl TR ol o3 5P| Mol 1602 may
con@?i%é%’?ﬂlqg}ﬁé R hyerd8s @é@érﬁ%@éfﬁﬁ@ﬂé& ﬁ{élﬁér%r od co@ven%@ﬂal

hé Concl usion'to be reached from an anal ysis of

ROMIamd RAM,Jot thet storieg infernoatidn eq bettt q longreror ang short-term
bas rovi de thermal conpensation is far superior to that
f the use of RTD when accuracies is desired during

t r ansteeslectORibist 120N@cefvek iSputasfRbavh over path 123 and applies
its output information over path 122 to a user. Meter electronics 121 receives input .

signals over path 123 from pickoffs LPO and RPO. These pickoff signals are
shown on FIG. 10 in element 1002. The pickoffs sighals are applied from element
1002 to element 1004 which performs the indicated functions and outputs its
information to element 1006. Elements 1002 and 1004 are duplicated on FIG. 11
as elements 1102 and 1104. Element 1006 on FIG. 10 receives the outputs of
elements 1004 and 1003 and derives the indicated calibration constants. Memory
1502 and processor 1501 of FIG. 15 are used for this function.

Element 1106 on FIG. 11 receives the outputs of element 11006 and

element 1104 and derives the indicated the mass flow rate by solving equation 1.5.
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rate. Meter electronics 121 , shown on FIGS. 1 and 15,

executes the data processing required to inplenent the
wopeatseaui«aans shown on FI G 13. Description of Fl &CT/AK2004/030492

FIG 14 discloses the conparative accuracies of the

response using frequency nonitoring as conpared to the
Thegsetupictioimoare pedonded bpdine meysony b0 anvdbtHe proicessar, 1501 of
FK%hse 1402 portrays the tenperature, and |Iine 1403

joftrays the mass flow rate. Line 1414 portrays the

CONpIeATY 160284 dPproe8sHICTRh 100f rhBRr ek t@nidd $2H18RC HIso used to
nonitoring as conpared to the use of RID. It can be

periahthe iays qormpyiatisns and Sen@ions shomin iBramBl@s oalftées 8, 9, 12,
13%ﬂgquable results when the mass flowrate is

essentially constant. However, the el enments 1405,

1406 js tartok éxdprésslydirmigrstood nbat the chaimeeriavéftorn ot ftd O limited

o Gl PR BB TAE Sroi Sarhogd S
mog}?ﬁ%\fri@ﬁé 86d %ﬁéra’ii&%r\{/iﬂﬁﬁ’ W?ﬁ%ﬁ% éﬁ‘@ sPRit of fHeoinéﬁﬁ\felél%ept.

e master nore closely oes the response 14
While spkeeifieTelativbskips enecequations hagé beesrdescribad it 6Snndction with

and 15, e es the da rocessi required to
thef Rfertiinn ' b b8 aearstBid hullifis T RPmiude Dt fay b
praRiicéd (singmadifisheoms SMhEldcldsed S@iftions! A Fe‘Pé’ridh%h%%.l Also
i ncl udes "a processor 1501 and a nmenory 1502. Processor
althm@h thaymebegranseapparatisdashowalin crojunstior with & Cairiplis flow

mef B SRR 5210 SB50 i AP B BB B on can
be siped ith = Cokioks fibvanbtamMany type idcheiMeEa Caik fIBAMat having
for the storing information on both a |ong-term

RAM fC

mefgldplaligs or @pks Hawitibef@: er el ectronics 121 receives
i nput informati on over path 123 and applies its output
i nformati on over path 122 to a user. Meter electronics
121 receives input signals over path 123 from pi ckoffs
LPO and RPO. These pickoff signals are shown on FIG
10 in elenent 1002. The pickoffs signals are applied
fromel enent 1002 to el enent 1004 which perforns the
i ndi cated functions and outputs its
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information to el enent 1006. El enents 1002 and 1004
are duplicated on FIG 11 as elenents 1102 and 1104.
wéaherwmai421006 on FI G 10 receives the outputs BET/US2004/030492

el ements 1004 and 1003 and derives the indicated

calibration constants. Menory 1502 and processor 1501
CLAMS! G 15 are used for this function. Elenent 1106 on

FIG 11 receives the outputs of elenent 11006 and

el enent 1104 and derives the indicated the mass fl ow

b ' . ) h [ -
bort or méb s it REBNHOT thend o e Btbb B2 X i figw meter
havirigG&tleastireflow Lisy, saidinptiosesempridimgthefsteps o
el ectronjcs 121 are also used to performthe varjous

c oSHEERYNSIA fiksh §ianah ERRTE R8N ATIPHS deflentiens of sail flow tube;

8, . . i ]
thaPnefding 25885 ional epTog G, FERS AR e BRI 1B neter
wheatemcsaig characidristios inolede theedrivenfrequensyt F lnfisaid Coriolis flow
enconpasses other npdifications and alterations within
met?ﬁéslé’\@g'p@ %‘P}!ﬁ‘&?ﬁﬂit@%ﬁeEY ti’rﬁf@jt ive concept. Wile
Sp a I . . .
docheygshefiacPby BRSBIIGHDL FRFoIPTNE for Wb sald first and
saichsecomtesighale do phatide teermal entipensation fofesitpuidsignals o€ said
r.agltpi“ged usi ng nodi fications of the disclosed
00@4{3 Mometend rel ati onshi ps. Also al though the method
and apparatus is shown in conjunction with a Coriolis

flow neter, it should be under stood that the nethod
an@. appdhat methsid efralainm{ avhdrein ssaich step ofspravidinghthermal

riolis.flo ter, of any type including a Coriolis
corq%’e A ?&Cl%ﬁogﬁﬁe ﬁT&P§|°%- plastics or glass flow
t ubgésiVingla tABratbd MasBfibATafcofromr bt IC dMSIsMdw meter, and

conpensation for a Coriolis flow nmeter having at |east
ondisfngos@id kst ;ansisaid secend signajs ard agidiaadibeated snags flow rate to

profi? Sa nBfiudl sdrhten®ytRifTor SRR R A Ml scoone

signal representing characteristics of said flow
nmeter, wherein said characterjstics include the drive

f r squendyrermethogipiclain: 2 yhesein said starepf Rieviging thesmah
' ' ~and characterized by the
cont rov:églg%wdgdér%eeétng%t%segh onics for using said first
andisggy shid dicsirashdssajoh sbsond signals aled saidroalibrated mass flow rate to

i f [ I f [ iolis fl
deriﬁ%t%gﬁgl’cé%h%gns’%rntso otrps%lid a‘loﬁgl?s ﬁov?/ mgtglr;dan rrotts ow
using said calibration constants to provide said thermal compensation for
said Coriolis flow meter.

4, The method of any of claims 1-3 including the further step of
determining a thermally compensated flow rate for said Coriolis flow meter in
response to said generation of said first and second signals and said provision of
said thermal compensation for said Coriolis flow meter.

5. The method of claim 1 including the further steps of:
receiving a third signal representing calibration constants of said Coriolis
flow meter; and
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2. The nmethod of claim1l wherein said step of
provi di ng thermal conpensation including the steps of:
woeewini«ag a calibrated mass flow rate from a PESUSR004/030492
Coriolis flow neter, and using said first and said
second signals and said calibrated mass flow rate to
Pr Q¥irdesAiaisstiIer S seeome Bﬁéts'aiwtlﬁr@lrsvi\%ﬁélg_aﬁ@réaﬁﬂl talibration
flow meter. 3. The nethod of claim2 wherein said ste
congipnis i detefginena theamaly spepsasatad flow raleder said Geriglis flow
metgf‘: using said first and said second signals and said
calibrated mass flow rate to derive calibration
constants for said Coriolis flow neter; and using said
cal i bratjon constants to proyide said thernal
cofipensdieoneingd daaimbitainofing fiharatepsof The
ne ; i ' ' rther step
of SN aftle FEB ooy € Ho e Rt o'e tor
saiderigingi alinsarffrepuemey ealibratioasjomstamtte, faizero; and
generation of said first and second signals and said
pr &iging eaid sirive fiagiueney fredand: saig dinear fregueney ealibgation constant
riolis fl.ow neter. The nethod.of claiml
o, { el id g Frimaly S SRR B AE & (i v
signal representing calibration constants of said
Coriolis flow neter; andusing said first and said
se@ond dire mathba ¢fi alains 6 goaipensatedmads flaw tatainoluding further
constants to determine a thermally conpensated flow
steRS®%e for said Coriolis flow meter. 6. The nethod of
cl &g EbUbRA Lokl Hphighg st eps of : determining a
drive |9equency f'om sal d second signal; deriving a

|| g ééig%‘i‘%ﬁ%@q‘r@bbﬁFaéﬁ&gaigg%bﬁﬁﬂvf‘ﬁeﬁﬂén%ﬁ&@hstéﬂﬂ% for

using “said drive frequency d sal I near frequency
zerd; &ridPs Al IcORs &R 2L, ot flal thQferk/@rsaid Qhéﬁﬁél}&ﬁccﬁﬁgénsfated flow rate.
o

1

thermally conpensated flow rate. 7. The retho

claim6 conpensated mass flow rate including further
steps of: deriving a coefficient a for flow, and using
sai®d drile me faim afreleding the fitherdterseot: r equency

Co%?i@fﬁtg A& frequency (temp) constant ¢, for flow; and
using said drive frequency F and said linear drive frequency constant «,. for
zero and said constant «,, for flow and said linear frequency (temp) constant «,,;.

for flow to derive said thermally compensated mass flow rate.

9. The method of claim 3 wherein said step of deriving said calibration
constants comprises the step of:

receiving a mass flow rate 1z from a master Coriolis flow meter; and

using said received mass flow rate » and said second signal for deriving

said calibration constants of said Coriolis flow meter.

10.  The method of claim 9 wherein said step of generating said calibration
constants comprises the further steps of:
receiving said second signal to derive a flow induced time delay At and said

drive frequency F of the Coriolis flow meter; and
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zero, and said constant a for flowto derive said
thermal |y conpensated flow rate. 8. The nethod of
wohleieruia27 ncl udi ng the further steps of: deri viPagua2004/030492
i near frequency (tenp) constant a, hF for flow, and
using said drive frequency F and said |inear drive
fr ggrgrsald ‘FiPé(}%"ingEl 2Rl Jaf 7SRNG Hiik GetRNRE AR sﬁi,gfd%fve
fl ow and said 1 near frequency (tenp) constant al
freqtiency Fdar derivieg iseidl calibdatidreconstants of spih€atielis fias sneter.
flowrate. 9. The nethod of claim 3 wherein said step
of deriving said calibration constants conprises the
st ap. of Theapethdd'§F claifff$e whePdin<ii® stdp§ sf8rrafsd Sdid
Coriolis flow nmeter; and using said received mass flow
calipratien gppsi@niarempasenthesiugihar steps afer i vi ng sai d

calj pratiop constants of [ ioljs flow er. 10.

el T A S fingd Eofis B o tod 5 g e gy o
angsSadi d calibration constants conprises the further steps

of : receiving said second signal to derive a flow

i ndsingdsdid rigive detyiebty &ndnd saill kaarelrfvedmpreyy coatant o, for

the Coriolis flow nmeter; andusing said first signal
saidamaminail tnel delay Ady toederiviersaidi eblibyraiion andsteatsd dri ve

frequency F for deriving said calibration constants of

said Coriolis flow neter. 11. The nethod of claim 10

whapei n , o , T Al o

coggt ant-[z@c@ﬁpri sef;grphe fdﬁiﬂ%é@‘éﬂ?ﬁ%‘%’?ﬁ'?%ﬁa cacl)nstants
arel i near drive frequency constant aF for a nom nal tinme

delay DtO ; and; using said drive frequency F, and
At@ﬂ%}%?a@lngfi ve frequency constant aF for said

nomnal tinme delay DtO to derive said calibration

constants. 12 The nethod of any of clains 9-1 1

wherein_said caljbration cons ts are: ALO,' OF1.,' i
aml3. Ti\% mefnod of any of claims %—%q wherein said step of deriving said

calibration constants includes the step of solving the expression:

AZL0
z" =pim([1 (F-E) i i(F-F)] )& 1.10
G
Where
At Flow induced time delay
Atg Nominal time delay
Hil Mass Flow Rate
F Drive Frequency
Fo Drive Frequency — nominal zero flow
oy Linear Frequency constant for zero
o, Coefficient related to FCF
[0 Linear frequency (temp) constant
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13. The nethod of any of clains 3-1 1 wherein said

step of deriving said calibration constants incl udes
woOherssisen7of sol ving the expression: (F-FO) m BCFAR2(04/030492

)nt 1.10 Where Dt Fl ow i nduced tine delay Dt 0O Nom nal

time delay m Mass Flow Rate F Drive Frequency Fo Drive

Fr qquenghe mBMHBIGH arfPoiclhihv - BrvhéfREait 288 8F B¥termining
constant for zero Coefficient related to F Li near

said thegmelie gomnpenpatesionesaflowsatereempesemtheottenwf selving the

[ 4-8 wherein said step of determ ning said
epr‘:lh%i@I |y conpensated nass flow rate conprises the

step of solving the exm_e,§,§L p'._py)@rFe: Dt Fl ow i nduced
tine delay DtO Nomimal-—Ft ss Flow Rate F 1.5
Drive Frequency FO zerg%lﬁ'i R ncy aF Linear

Frequency constant for zero < constant related to FCF
Whefehear FCF frequency (tenp) constant 15. Apparatus

t hak er&\ﬁ%ddﬁ%‘ﬁ[ﬁé O(‘e@%pensati on for a Coriolis flow

meter having at |east one flow tube; said apparatus

conyy i sNomimpptimatdeslay 1002) that generates a first
signal representi n?mCori olis deflections of said flow
@

tubd; apfRssatiow Ral04) that generates a second signal
reyy esemy i eristics of said flow neter,
V\hg el ans'Jiai%gI %ﬁgégg\seri stics include the drive

f r égueneerd-drbe $reigdency

a,  Linear Frequency constant for zero

. constant related to FCF

m

o, Linear FCF frequency (temp) constant

15.  Apparatus that provides thermal compensation for a Coriolis flow
meter having at least one flow tube; said apparatus comprises:

apparatus (1002) that generates a first signal representing Coriolis
deflections of said flow tube;

apparatus (1004) that generates a second signal representing characteristics
of said flow meter, wherein said characteristics include the drive frequency F of said
Coriolis flow meter as well as an induced time delay At; and

characterized by the provision of meter electronics (121) that uses said first
and said second signals to provide thermal compensation for output signals of said

Coriolis flow meter.

16.  The apparatus of claim 15 wherein said apparatus that provides
thermal compensation includes:

apparatus (1003) that receives a calibrated mass flow rate from a master
Coriolis flow meter, and

apparatus (1006, 1106) that uses said first and said second signals and said
calibrated mass flow rate to provide said thermal compensation for said Coriolis

flow meter.
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Coriolis flow neter as well as an induced tinme del ay

Dt ; and characterized by the provision of neter
wehewtmonrcs (121) that uses said first and sapdTaszmAd30492

signals to provide thermal conpensation for output

signals of said Coriolis flow neter. 16. The apparatus

of claim 15 wherein said apparatus that provides

thermal conpensation includes: apparatus (1003) that

rectl. vesThee sppanates eticlaim J 6iwhatemnsajd fapparatusdiatgrovides

theffBal hpeistpomihft cBMBeSRtona o gnals and sald

cal a;ib“aﬁéﬁl@ (MB886) tHa®Wseabaidi firsPamy sdid @@oﬂdtsf@{ar@hnd said
npensation for said Coriolis flow neter. 17.

Ca"é?ﬁ%f-&?’ anass fiaw eatgitey dmwmlbraim@amsmaa‘%&%d Q%inolls flow meter;
rovi des thernmal conpensation further includes:

apparatus (1006) that uses said first and said second
si gapEpesatsd 1486 thadusbs shieldcatibsatidn constarite ana siad fivst and said

secHid Sils SPdSa eaRsaiect hags fouTat fapyldesaid tagrnial

corﬁﬂé‘n%a%h?rona@&d%r%ll@ﬂoﬁn%ﬁ’& sai d second signals and

sald calibrated mass flowrate to provide said thernal
conpensation for sai d Cor| olis flow neter. 18. The

(286 Treobiteihoted Foneeddor) ook aReaafia 100) thet

detéﬁhmefs @rth&ﬁhduﬁ@@m@bhgaﬁea%mts For $hid SRS FlohOmefdrdn
generation of said first and second signals and said

respepse 1 erid gensmtipn we&atd\flrsé andaesant gigriads apdisaid provision of

sai i) SoimbRHisFRo forshly OB AR et T ecelves a

third signal representing calibration constants of
said Corjolis flow neter; and apparatus that uses said

f| 1 anthesapreratissoaliclany 15 dvdheHinelediiggnal s and sai d
Y
oA ORI oL raton
cor@thnﬁbésanpirﬂmrmlissﬂm nedtan; mndl5 furt her including:
apparatus that uses said first and said second and said third signals and

said calibration constants to determine a thermally compensated flow rate for said
Coriolis flow meter.

20.  The apparatus of claim 15 further including:

apparatus (1004) that determines a drive frequency F from said second
signal;

apparatus (1006) that derives a linear frequency calibration constant «, for
zero;

apparatus (1006) that derives a coefficient «, for flow;
apparatus (1006) that derives a linear frequency (temp) constant ¢, for

flow; and
apparatus (1106) that uses said drive frequency F and said linear drive

frequency constant o, for zero and said constant «, for flow and said linear
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apparatus (1004) that determ nes a drive frequency F

fromsaid second signal; apparatus (1006) that derives
wa 2biervean7f requency cal i brati on constant aF f oOPCTAIS®004/030492

apparatus (1006) that derives a coefficient alh for

flow, apparatus (1006) that derives a |inear frequency

i 'deRiNe 2iPrahallyeom mass

fre(f.%gl?? &tgé@d}?gﬁ%ﬁa&? iog’é ﬁggmﬁrgﬁ ggand saiaglyjl [ ngﬁﬁggeﬁdve
flow FeQuency constant aF for zero and said constant alit

for flow and said linearfrequency (tenp) constant a F

for flowto derive a thermally conpensated mass fl ow

rate. 2 T a f j ' i :

o ot JEs ToeRARRRGEL 17 JHL Seld BOpaRls 6006 that derives
5 sai§eamiratidls censBhtsSesmpaggar at us (1006) that receives a

mass flowrate mfroma naster iolis.flow

S&r et er -
appRiRaratsis((1006) the srcaivasea (assdlgvyrate o fiergigmastdr goriolis
flv? Jiye a flow induced tine delay Dt and said drive
° ﬁ{aé%ency F of the Coriolis flow neter; apparatus

( 108karatuat(1006) thes recdivesesaid decord Bigaqlitndgriveoa Slouninduced
~aF for a nomnal tinme delay % ; aﬁ. 3&par attus (1006)
time iglayusteands aaid diwwéequeéwén%ﬁ B, Coliplisdlgwymeteiear
10 gor SR TROE.FRESEE0Es AlnsaL Al felSdhariatudR o fora

nor@ﬁélﬁﬁw%td;éigylé?o”;sé ts. 22. The apparatus of any of

arns 1 and 2 1 wherein said calibration )
congprarhtusa1606PtHat bises saichdriesirequencydpeaarat saiddineangrive
of clains 19 and 2 1 wherein said apparatus

) a{ﬁ . ({11006)ﬂ te 7
frequencycransian asaiQl said NBFIRA! SN dR'8Y 4l 8N vad,giss Tlow rate m
lrg,ar at.us ﬁhal{. sol ve he expression: (F-FO) m
to drverd Cplivation fonGRnts
15
22.  The apparatus of any of claims 17, 19, and 21 wherein said

calibration constants are:

Aty 0 5 Oy O

20 23.  The apparatus of any of claims 19 and 21 wherein said apparatus

(1008) that derives said calibration constants includes apparatus that solves the

expression:
AZ.O
% \=pim([l (F-E) i m(F-F)])x 1.10
o
Oy
Where
25 At Flow induced time delay
Atg Nominal time delay
i Mass Flow Rate
F Drive Frequency
Fo Drive Frequency — nominal zero flow
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Dt Flow induced tine delay Dto Nom nal tinme delay m
Mass Fl ow Rate F Drive Frequency Fo Drive Frequency -
woaamenai42zero fl owoc Li near Frequency const ant PEDUSZ®R030492
OC Coefficient related to FCF ai hF Li near frequency
(tenp) constant 24. The apparatus of any of clains 18
and, 20 wher ei|Nnai FredpRALRLYRstaAlRPletdiat derives said
thermal |y conpensated mass flow rate sol ves the
expgessi on AtChefficieht FelajedRoP@E - 1.5 [a, |
+(F-Fo)<x, hF ] Where: Dt Flow induced tinme delay DtO
Nongznal time ldakayfreqddrsy (férop) Raistamt Drive Frequency
ocF Linear Frequency constant for zero a m constant
related to FCF a , hF Linear FCF frequency (tenp)

corﬂ_antThe apparatus of any of claims 18 and 20 wherein said apparatus
(1106) that derives said thermally compensated mass flow rate solves the
expression
At— Aty —(F - Fy) oy

1 = 1.5
" [aﬁl + (F - Fz))an’zF:l

Where:
At Flow induced time delay
Aty Nominal time delay
Hil Mass Flow Rate
F Drive Frequency

a, Linear Frequency constant for zero
a, constant related to FCF

«,. Linear FCF frequency (temp) constant
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