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COVPENSATI ON METHOD AND APPARATUS FOR A CORI QLI S FLOW
METER 5 FI ELD OF THE | NVENTI ON Thi s i nvention rel ates
to a conpensation method and apparatus for a Coriolis
flow nmeter. PROBLEM It is known to use Coriolis

effect nass flow neters to nmeasure nass flow 10 and

ot her infor j t Jl.b B '
e e, L8

Re. 31,450 to J. E. Smth of February 11, 1982.
Coriolis flow nmeters have one or nore flow tubes,

each having a set of t j ' des which may
be of a sinple bendié@jﬂ@rgﬁgmﬁhgpm sting type.

Each nihisrimadntion rdlatds fd vompdrsation drethoeiaridcapparatus for a
osci )l esonance in one of these natural nodes.

TRelS i ert

'bration nodes are defined in part by
t he conbi ned mass of the fPROBLEMS and the materi al
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osc il EaBmith béFét?rmvyﬂU?ﬁQBaN@mﬁdlih fow meatersdave orle or m:re flow

0
¢ R B o 2 Sl e okl mBes. RS by B & pple
nieading| toksigriah or twistiigoiype. CEaciomateriatfileddlowttuls s drives o
50l a0 08 ol i o0 318 Lo mces
t wedefited ippad by dive ¢drebined mass pithe dibwithises! dralthe m?erial within
| - .
| 0! Wil € BB el 4 SR B e
fs :irlieﬂ&?dled aThesingmglsis thegor t_ﬁ;eatddatgiough dj:e \Agdgﬁtlfngtgr :inmvgmdbdsmd
S g%\i%err g@ ?dg% QB?"'%S&%‘?'SE%? to%gﬁiPﬁf%g e mass flow rate
of tha drzeeappiies fareanorupcillatedhe lﬂlod; Itmble; Iernrzl: téri?:e iﬁ?o}‘ﬂr?ow
aitipape e <ot PR oieler BEoRin pare’a e UEongnpred 4F
C inentigairphasenis #reematerigl !lmginsb:ﬁ ,floﬂu?faricjﬂis la:eehllem:iom' CHUse each
AP EGYREROw e S Bivd o Bfehoft Binct il B35 e pope
medaanig the Gow dubeal 1[&::@ phase ogttlwinﬁet sidlai of tlﬁfg)mme:)tl)a?rtﬂe driver; the
PR A e 90T S e i e PiiaRalBRE on i B oy produce
| sinubeidal digrealserepreadentative of thenatadibn opthetfloswtube.| Yhe phase
T'd‘f%pé#c@ between the two sensor signals is proportional to the mass flow rate of
the material flowing through the fiow tube or flow fubes.

It is known to use Coriolis flow meters having different flow tube
configurations. Among these configurations are single tube, duai tubes, straight
tube, curved tube, and flow tubes of irregular configuration. Most Coriolis fiow
meters are made of metal such as aluminum, stee, 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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11t is known that as operational factors change, the
characteristics of the Coriolis flow neter may be

af fected. These factors may be internal effects such
as drift in electronic conponents associated with the
Coriolis flow neter's transmtter or they can be

externgli. Rﬁ&ﬁﬂl‘?xt Su gaeraﬁ oridl i‘é%'idié‘t:hﬁ{cq%atﬁ% éHaFa?clerlstlcs of the

pressure sScosit nges 1 n anbi ent
t emqrmhaﬂuwemtaumv be eﬁeﬁequihege factormay:be inserng! effects,puch as

i eMéﬁJaan OHESH&% Qéicﬁféteciﬁﬁh fl‘%%@f?dis @ABw meter's transmitter

corrpensat ese cnanges lﬁg upgra I ng or
noatithegy ¢an b,e exainal sfiastssich@s fluptuationsip line PEﬁﬁﬁH@nE‘%"%

t t\ﬁ:ﬁ;‘o%wvor gﬁgﬂﬁ%}s% éﬁﬁl;téﬁ%lﬂgeraﬁ?@ﬁﬂa gﬁv&fre%dﬁéﬁ of the Coriolis

s'are s

Zd’lcwcmemnd Mush o therprion pmhag faqused mp compensating tbsﬁe\réﬁnges
rlAegeeadfi o (agRAg Bl scheifod'e 1Y thaliRg abfeivatoloRfi fow
demmaylpn fantory iExanwies,of hesemaetheds sHeEhewnan Bpaent No.

eI $ {sf b& DBlock ?ﬁ@; U@‘ﬁétérﬁ%g?ﬁca‘ﬁ@ﬁ%né%h@ 93? By Van Cleve et al.

S In Se para ers However
not aI \x‘aa;@hs flow imsiters can e operated endes ﬁomﬂlbﬂ@en@mw in which

Pr S%Edtre L%%h%w a.{n'dor o%lﬂl aﬁg Fnaiftaines cBhdthf thellrtnhﬁte trl']le

process e environnent I n
Cocdroplexitids ofigompensating forflusiuatiantn, thwmrﬁme?g%r 'éowevef this is

d eﬁ'&'aw?ﬁrfgaé’ {his SRk liths 6AGh ?ﬁ iclg 'tdjpl‘éQé‘lﬁtﬂ%EﬁJatlons in the

ure conpensation of a Coriolis flow neter ca

betemp@mtpta of gy pmewngterlamrqfrﬂ]e gyﬁg@pepgam tpe Coﬁohs flow

r an‘é%ro o é?at% L?I(?. AEco3RY Sar’P@é hélarensthnt,

1 ow measures th
opbnmratgret @mmmafunneof@fcmwéls ﬂpw\metﬁfeﬁaévbwcpmpﬂsmsi using a
}"?fé‘n%nnéltsehg%ﬂ%#: ﬂgtrgﬁ?rempaé FﬁfT@Z gﬁ'&é@ib lorthbréSortions of

on 1s app to neter
el ttletciqmils ﬁomaier G ER mcagures Wrerarating teapRiaiigaf e flow

rmﬁi‘té‘r Biohab whtLPE i x?:l O¥hi W9 i ﬁfo‘?rlﬁaﬁgrf a %@' fFequency

e an unconpensa mass oW Si
apmformatlora) lstawhacbtoene@r eieptr@m:a:whmh gewaraﬁstaetpmpﬁr%u re

%ﬁ?ééﬁﬂ ?é?éjo §°1/15 ﬁl&@%ﬂ@ﬂl&-éﬁf glaﬁélsbenerate an

pro uce a reque conpensate mass flow out

p ummnmﬂsatezﬁnaﬂse'low signal whighds/ ml@gé@tmgfer glestionips which
theylis ﬂ'l %Q&?mceﬁg i d$§ floW ratd §§Hﬂ |t Mﬂﬁce a drive

conpensa |on rst ant age |1
t hirequeincy enmpensatechmass fiew aut pitsignat o t he vi bratl ng

o 0B W e, 54 A0 s

of tenfperétieicanpansatien. B fitstedisadvantage istbgt the tharmal sensor
gg&éaiﬁog g% gﬁ%qed—% hd \hﬁl'aﬂﬁ‘# Réﬁ%or F ! Stnv HhbEEREQ R Ri¥ed weight

sewher e ' ow nmeter or an
t hef thasensarwasld alter the vieratienal gharagieristinsiof the oy twbeand
Be 8%%?? o He dd8ufhcy b fhe ST RIgnaR Y theMidl Sbndd? miRethekdfore 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 témperature 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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nmeasure the tenperature of the process material within
the vibrating portion of the flow tube. Since
accurate tenperature conpensation requires that the
tenperature of the material within the active portion
of the flow tube be neasured, the use of 2 other

atheftrheuntingdacaibons, stigbrasthosaeadherinputcor awput ine of the flow
%thre%dlﬁe’m teﬁeﬁhﬁyftgrg{éﬁe&? eﬁ? ﬂ#ﬁsﬂ'} ndt?selraed temperature. This

érature t
taugsy imbocieracibliin the aemperataae compenhsstedfiow eate output signal

tenperature conpensated fl ow rate output signal

genRiaiet by fie metenelestoB|CSet ronics. 5 A second
di sady, QB of?iac}\,%t%tﬁéaof’f dé e { he?r‘ﬁ?isé’éﬁsdé it 'fﬁ’ét’ ; ince they are

si nce ey are no nt e e active porti
ndmtemwubtemlt omthe activet pdbiontdfdhe vibsating flolwdubef thetre ngean inherent

Gl BahESH e Frid P oA R B3R 85+l Brance ano
’E‘h'eCtYihé l#ﬁ@téfﬁbéﬁa‘l@e STABGRW tubd r%aiérlﬁcﬁéﬁ &4 CTHR tnme difference

results 1n further inaccuracies in the co ensat ed

resuis in butheatinacsuracies 4 @mcompegﬁiedan owirate putput signal
neter. [The or art includes US patent 6,502, 466
%‘?‘R‘?r?Feéjdby t'%%"&%‘&’rret hod for fluid conpressibility

conpeThgptienaftin@ludes US patame502 466 Bntiged “Sistem and method for
di scl oses a Coriolis mass flowreter having a flow ube

fiid cormressibidity eorppansation bt plasialis massdlow meienhbat discloses a
égﬁ&hscﬁuﬁs@’flf‘sgﬁ-@et%gﬁﬁgnmo ! g\gnﬁ;e A gk&&tﬁg@m,?ﬁm to the

bration an , operating t
flowipbe stita céo rexeité e Howtubid al varyingfrepEricies bﬁ/wbratson and a

B S shePEs 1d F Lede o WA D0 ressioii. i
6&@%6&.méﬁlaihé@aﬁamﬁaaassfﬂdvﬁhe@%&maﬁw@) flo@tate measurement
flurd flow ng throe&hthe | owt ube at a first

aichitet, mnpbdetqabmﬂp whe dhet mmasurassa fi rstlrbaa!%ﬂ@wcﬂtetc?f@ fluid

OkAth o UQP ?ﬁ% ﬂg%ly P LAk P8 iRy Hebu % d F@Jégnd mass

ensatlon CIrCUI coup

ftdim*afé olthatfRiidaba ly‘eemad tvitriation flegquentyn ahd eeﬂ*pﬂ mxda:ompmsszbmty
first and second mass flowates to determn

gn CHEHRYs goUpledH the § azratgrfaegsupqeumqpt cwcuntry, that employs
the RS GHRS §Hddnﬁym§§£’ﬂ8ﬂﬁé‘&'s‘%8 @@érHﬁﬁgﬁrﬁ' didé}%t r@%yonse of the fluid

requency response e prlor art 1 nclu
andit & fillidcomptesaibility cotpensatien ‘adjusémentifron? hedtequency response.

sccur oo HE R NG 872 e iRy BRG] mater that

distieddsyInCavibbatirgptubeeetertuehitana Cariolis metge endetirats

stress, by nmeasuring vibrational characteristics,

rﬂ%asuremea\ of adichnarametes SuRk e sepsity an ke pllainad, substantially

a
IRSSHICRRE! 9B By L BEang ik i i 2Baibulr rosonan
fregaencieswl twofdifferent vibeatianial onodes. Stress or other variables can be -

determined from the measurement. Because the measurement of or compensation
for stress is based directly on the vibrational characteristics, better accuracy may
be obtained than by using a conventional strain gauge to measure stress. The '
techniques disclosed can give accurate results without requiring particuiar
constraints on meter design.

“The prior art includes EP 0 701 107 A entitled “Vibration measuring

instrument” that discloses The precision of phase difference obtained by a phase
3
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for stress is based directly on the vibrational

characteristics, better accuracy may 30 be obtai ned

than by using a conventional strain gauge to nmeasure

stress. The ‘techniques disclosed can give accurate

results wthout requiring particular constraints on

ritferenge Galpilatings Ui iimpieved hy eareestipp through awpups of a frequency

Jrib eaRbiatichtit A S Rl AT ebGBbering fhat the phase

by timep Hiffeeende df éaeh ﬁut;mt sajrmlllo%ahivﬁtfgauohtsehsoi dicatied the mass
correctjon. throu ut put s a frequency  ratjo

%%aﬁ densiy oA lig 8 aaf%psﬁ%%ﬁmf@wrgmrstay%axjﬁl force on a

GRESI 18I gﬁﬂb”,‘torttﬁﬁ t@gaa%n‘?al f8fce it '?fuﬂ'cﬁéﬁ 'b?meeré}[? 5&6en two

out put signal of a vibration sensor 1ndicating the

resenant/feguencigsnsity of a fluid is a function of the

tenperature and axi al forcegctF ﬂ h asurenent pi pe,
or that the axial force is 'uI n of the ratio

bet wedqmet presehemQBAtiGn SbRBYIRE iabdve 3PHBthEN robB¥ms and achieves an

present invention solves the above and other problens
arvanesinthesariy thewapsionrofienmettiad ayd appamtusiferl emperature

f
SorbelEalish o RRRIdH He R whREPEI A fe e gt erma gensors.
The réthiddeamhhpsartes of theTpresart oentior nrinierathis dive frequency of
thr%gﬂg\&ce!sent i nvention nmonitors the drive_frequency

» » . o »
W wbe tper QW%F%VPG@W%?%FB?%’%%Q&F 1ol _ﬂo%@eter IS
CHELI Ty Sh ATty PR a B S, SRS, which
have Bihaftech ontthe flomolvbefegereyuareceldaonstaritd These factors include

SP034F RhiracTo R’ raliafiod et SoRipair g Viieh sercfitence drive
froqlemdic eomérwchgfaﬁﬁm-inamerma@ﬁal BERAREVRIcBsity, and

i nclude material density, viscosity, and pressure. ] )
piegstre. hdadet hesestantwlied cirgumistandes, cbangeein fraquency of vibration

LEfDEdeY thc\m‘qé:ngE@tiﬁ ?é}agg?ﬁﬁr hﬂH%ﬁaﬁg?E%gﬁ%nitg%od ulus and the

tenperature changes 1 h "Young noddlus a
vibtatingi flrogv tubestifiressst i ff ness. 20 A Coriolis flow

nmet er sign in accordance.with the preferred .
embod FEIOTEdion MEtEF JEHBNES i acosairg wilbanp prefesred embodiment
&tha imerﬁm%saawéma?éf@ﬁw Hetaralof coffsHdabibn. The present
conpensates not only Tlow calibration but also adjusts

inventipiheempensates nodlonly fow calibration|but @lsa adjustsethe'nominal time
t. This neans that ,afjer tiolis flow ., net -

dedBy Rl soitaSniEanze segos gl MBS Psane dhfbatihia Goriols flow
raktdrog inkediled inbs 8 RE6ests Whdtherfor BaRIratibhYor#8r 2&0APHrocess use, it
once after installation. This is a significant
nefst oy herEeregd 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 monitoring frequency and temperature changes as the material

flow and actual temperature are varied. The calibration constants used to
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Coriolis flow neters that may need to' be re-zeroed
after m nor changes in pressure or tenperature. At
the tine of nmeter calibration the tenperature effect
on the flow tube is characterized by nonitoring .
frequency and tenperature changes as the materi al 30

fl ow and act ual rat ure r ctronics. Durin
carpensate 8%‘"@5?1&"[93% §s§oréaliﬂc@rgrprlé%§lg?lg flow are °

%@Patﬁﬁttﬁé A&kl ﬂaﬂ apt Cbtneafﬂequent:h of vieratien ef tae flpwiinkesare

Dur i ng eratiQ t he ter| ¥ th
dﬂor\ﬁiofﬂdat "l?rfeé‘l‘“"i‘%@"?ﬂe 'Eeucfpg é EIJ°“‘;ler\%n tg&%ﬁ\férh%%ﬁﬂ@ ©

"R} hienpplieRansierslecttrcmwhica uses the gtrsee galibration constants
|nformat|onfromthe met ef a}g%sgﬁw Lo meter

¢p salcrlgln @ emparatyre CuePsnsated; Tati on

const Rk yse of flov albelftetiuency mempduangméemwpw@, gprapensated

fl . Th f
el s aBRERRR YPE TR LB SohiGe A Ahses

aiﬂé/cﬁféh APERetstiad td groduteea cianghdn thel conwenaated gass Jow rate
chahge

| ign @131@'535@% 3 Ctgﬂtp\%élggecf ?rb%trﬁg {frggué ?Hg?{é: el‘ﬁ’eI igt.@lgﬂ&ﬂeous

atdhgk Nensleubetiteenty 'Bfapplierdetq tlesnoptes Is!ﬂﬁ;genlcqwglch generates a

nst nt aneous 10 chan n
iap?ﬂ’&t:&ji Qqsn;qlp@aﬁgt@q\ss o&rﬂ; ﬂ&l\i%s%mﬁ eﬁggﬂgﬁg‘% &grespondmg

9fyﬁqseh§fgbeqamaﬁrtaaémmaareﬂ ow rate signal of

i ncreas accur cor
f1ow t@%aﬁ%@ﬁﬁg d}"&“ ﬁolgﬁgé“ %{"eﬁlfbﬂtfﬁgprfbg@e éﬁ‘nal

| BShpEsation f&?tal”mﬁnu‘h@ Fowmmterchavingtdtdeastipne ﬂ@ﬁﬁ&%g@lﬁ Ghethod
for a Coriolis flow neter haV|ng at | east one flow

t geraprising thefte Fﬁo%f 15 conprising the steps of:

gener abdrdeatimgld Airst signad raireseequngeenohsrqpﬂ@etﬂr@qu §ald flow tube;
defl ecti ons, of saldflo e ter,
O oS sompteaa LA SRRALC PP RS
”Wh%Feln s¥id %h&r'aﬁteﬁ@h& iatladathieairive freqserioy & Qf@@ld{ q;,@nqyp flow

frequency F of said Coriol @39%' ow, nmeter as well as an
i miteras welhas aringdyced time dpla¥ 46: A acteri zed by the

o OV' Sbﬁﬁa&érliaatw the |p9<|ﬁﬁ§i&ﬂ¢:f0ﬁetéoﬁledmm@ feruging said first and
second ‘si gnals to provide r
cmpie&wanql gignalg fo E&Vlﬂ’eéﬁ?fﬁlﬂ g@T‘ Eé'bﬁ’ d putput signpls of said
@%‘fcﬂ?fi&{l e?érefergbl Y, thhe met hod furt he!r conpri ses
ep o provi di ng therna e ;
e st Brafeapl. 19 methad fikgr sonerses PACAoh g oy B
frc% E‘%’ﬂn ,g;gﬁg EHe'ﬁeﬁdéfW meter, and using said

; : Lw r agqeiving a caslﬁa(;gtgd mase I?Ig\lmsrat% porr? al d cald ol fly FRetet, and

using said first and said second signais 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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provi de said thermal conpensation for said Coriolis
flow neter. Preferably, the nethod further conprises
said step of providing thermal conpensation includes
the steps of: 30 using said first and said second
signals and said calibrated mass flow rate to derive
calibration constants_for said.Corioli
and uBreferably; theqagthpy M%SF]"%'BW&% ﬁl?eg*%eéértgélf’ggétgg?'amg_ a
cSAPRRLHES W rdt@for saidi Coribtis flowimetéd invpspenss to said

WhShiaRy
Pr ef bly, th thod f,urth i :
Cenpradon g bud s A secord Al s SH bRRBIcNY spldtheiftal

fd&hp%ﬁ&é&icﬁ%;t &4id @gfi?mumheger.i n response to said
generation of sai I.rst and sec ' sai d

pr ovi Srefarabiy. the 'Beihﬂglf‘l‘é“er °8’8Hf33ea?§3§‘? ﬂgg‘g? %trépggﬁd_ o
Cor i olrgeifihdd/ iRt signal PepResainting baliprationesonstants #f saidGraiolis
conprises the further steps of. receiving a third

Sloynmetareddsent i ng cal i bration constants of said =
Cor i Olyjsihg deicPfvstBridesaid senmnd sind gaiiahind signals aad gaid gapration

second and said third sjgnal ' L bhiat i
st © dSeTIAR Hemsl PRt TR a0t pigcanBis fow
rXegerfOor said Coriolis flow 10 neter. Preferably, the
met hod further conprises, the fur [ s

det er ritvafaraply toe F\gﬂ’qdrfﬁ Nltialk pﬁsé€@%f§%l‘lfeg %@%g L

si gnal dete/ffifihy atGive freiery Fffram saidepcond $ignalt i on

tant aF f ; d [ ' [ F
and_ s cesnerRokTeat FRGsoRE FoIbER oD STPR o322l S5 Y -

for zer id Qh ' H¥Bld ineaPRERIeASY ealibfatiow constant
rate. l&%‘*%ar'ggfnf/é,lﬁ?%h%{:ﬁd furt ﬁer co ra)itses
c eiyfenzed ¢oldedvessaid tharmallyecompepsaied fIgW Pt her steps

O e il S SR Qs Ebfitlensaidh 8L e i

C SHARIdMY fuither féps 6f0 zero, and said constant a," for

flow to derive a t_herma{PI‘\j c,gqr}%ensat ed flow rate.

Pr ef er d@nvng 2 aRefficieM ot 1PL PP conprises the further

steps of.: derivin [ f M'\iéﬁé'fﬁibn O6ristdNt o, for
a., fobsing g dgﬁ%lﬂﬁ@férﬁgpg%ng %ﬁq@%ﬁ rg,quency éF)oand :

saifl LhASai @hbtdRt &I stABNcty deavisa dermaly dampenseied flgwdrate.
sard'constant a,,, for flow and said |inear frefguency
(t enp) Peafermblyntheavetiod further comprises the further steps of.” -

deriving a linear frequency (femp) constant c,, for flow; and

using said drive frequency F and said linear drive frequency constant a, for
zero and said constant a,, for flow and said linear frequency (temp) constant a,-
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 7z from a master Coriolis flow meter; and

using said received mass flow rate s 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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25 for flowto derive a.thermally conpensated nmass
flowrate. Preferably, the nethod further conprises
said step of deriving said calibration constants
conprises the step of: receiving a mass flowrate rim
froma master Coriolis flow neter; and using said

received nass flowrate m sai.d se [ ;
der i viasgivingGsaissesond FiopRLP %GHV%BﬁgWé?ff‘?egPﬁ‘e% y At¥hd said
gﬂ{lé b &erfc& qﬁégbr,o|]grfmﬁha@t}-3andt he mnet ho;:l further
r| step o eneratin al i
cont using saifysteigoe! AkSHG o duced flo° gpled.st Bl spilrve
:-ﬂdmmblsrﬂnwmhiea

B2 g ooy o S o
rret er Preferabiys thegmetapd furthes eorapiises saidieR %e"re?%
o‘@? ﬁﬁ o Jﬂ E@A‘. AlesahélfurRiAstaps bl frequency F for

'@ Sal Bratl on constants sai r| o&élg Ao

f1 ow detieing a libedrdrive frepvgncyiarestant ﬁag°rfq}99r‘r\'8? Ime ety Alo
Cétngsprl ses said step of generating said calibration

tants conprises the further steps of. deriving
| i neansfiyisaf dAvedebicycR amdasald lidaf wvﬁremnn%wﬁ% a; for
del ay Ato; and; using said drjve frequen F, and
S&didl nbiirahtime dielay Aﬂdteqiﬁémﬁalééﬁm’ﬁﬁ'ﬂ“%&‘ © 10 said
nom n IipatidArcdhstants are:
const jiﬁ?&ré%gsé%éﬁh%%‘ﬁ%% g%?ﬁﬁtc?}er conpri ses
sa{d ¢al i pFatgon constants are: /sto,aF la ,aAvV
Pr eﬂérafbl’ymih@Frret hod further conprises said step of

deri Vi srcrate, né HluRiciter compaessaid tepl of degvingieaigt ep
of solving t

e expressjon F) in
i nqnbrat)@)c@nsmn@onclmtaeRteprﬁ§86\l"1nﬁgﬁ%é’g'[ %?Sﬁr‘g" del ay
At o Nom nal tIn‘EB,U ay mMass Flow Rate 20 F Drive
Frequency Fo Dri e requency - nomnal zero flow aF

Li near Frequency m{[q PRz Fag)|Reefficient 1.10
rel ated to FCF (f " ]pﬁ

%
Where
At Flow induced time delay
Afg Nominal time delay
m Mass Flow Rate
F Drive Frequency
Fo Drive Frequency — nominal zero flow
g Linear Frequency constant for zero
a, Coefficient related to FCF
X 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:

_ A4 - (F-F,)a 1.5
[a,,, +(F~F, )o:,m,]
6
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aoF Linear frequency (tenp) constant 25 Preferably,
the nmethod further conprises said step of determ ning
said thermally conpensated mass flow rate conprises
the step of solving the expression: rim= _
At-& (F-F_)aF 1.5 [a.+(F-Fo)a.,,] 6 Wiere: At Flow
induced tine delay Eta Nominal tine delay m Mass Fl ow
"5 F Drive Frequency Fa zero drive frequency aF

Li nearﬁfrewmu@g@ﬁmamﬂaﬁ(or zero a, H constant
related to FCF a*F Linear FCF frequency (tenp)

const affe 10NompaHERe d&lB¥ct of the invention conprises

an appgy at Ygaddbwilgyi des thermal conpensation for a
Coriolis flow neter having at |east one flow tube;

sai d BpparliveFredusiic¥ses: apparatus that generates a
first gigng ' Coriolis deflections of
Ly g

said flow tu ratus that generates a second
si gnal @ eprlivaaniFreqyeopy censtant fdZpes of said flow
nmeter, wherein sgi c%g{ eristics include the drive
frequeffey [Fogptapt felpte iolis flow neter as well as an

i nduced ti ﬁnﬁlﬁ@%@ﬁ%Wa%@h}zed byt he

provi si'#h of neter Ics that uses said first
and sAhéthecaspedt of the irlvention quimprisee ah bpparatus that provides

¢ R carmbensalpr fot ool i Eysfer 3¥1nd ot et B B Bipe: s
t mpp_ggltummma;t ion includes: apparatus that
o ol SapR B e Tl A SR 2o fpetons o
f igami flownbgai d second _si gnal S and said calibrat e_d 25
?g?:;?&%ﬁtﬁ lp%t%eﬁé%sfi?%c%hg s}gpxglr rgglleégr?t%ec Sél‘rﬁlatt:"teorlns’tict-‘, 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 themmal compensation for ouput signals of said
Coriclis flow meter.
Preferably, said apparatus that provides thermal compensation includes:
apparatus that receives a calibrated mass flow rate from a master Coriolis
flow 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 compsnsation 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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Preferably, said apparatus that provides said thernal
conpensation 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 neter; and 30 apparatus that uses

i d : . q T q .
second el BRI LA Qe PR prnalborfimepedop gate for
peaidiGesiolisflaw mietsrimtesponseciosaid generdtion of aaid figkirand lsesond
f . P : t t. i,
¢ BRI B Said broli S0 b theARBR e LT o G R PE el
fmMet@rneter in response to said generation of s?i d ;
ther e osent SBersRiE! Roli0Es AR SR [ebifbofbe Bferagon
Peeifstanis psaidGpeelistflow mater; andcei ves a third signal

: ) . ¢ . ol
i ow rbardtes g Lol ek Hhst iRl g and 4 4PH 1 anc
s9did caldwalinn congtapts to detdrminesa theahallyzsothpessated flow rate for said
Cébl‘i&fs%ﬁuﬂﬂe@ﬁmt ants to determne a thermally

conmpensat e owrate for said Coriolis flow neter.

10 Pr direfesahly: apppiatuscthatdeatenmineses drive frsgiencylF ifrom said second
f gigqalency F fromsaid second signal; apparatus that
defives a linear frequency calibration constant ap for

zer o; apppredusthatderivas adieeanfeuencoediibrative sbnstant! @) for zero;
flow apgar atus that derives a linear frequency (tenp)
const fpPatdtus gt dervesa ceptiicientaq frdlowt us that uses

const SRPAGel R EKs B HASE TR Ennk RSl Snstaft ¢ foiow and
and s aippataniafat ddes SURINve (ﬂtcegﬂaﬁ P%%ia?miné’a?’ﬁvé ﬂ'é?léency

flowto derive a thermally ensated mass tlow ra

Prastanh g for zese and paid cansiant ¢afordiewiand saiskingar frequency (temp)
i ti t ant ' : t t hat
rBralHrE e a8 1 A0 & ARl SR TRAH GraeSmcetes
fl ' : ' | d d .
Si gnall 75, saBRRRR B inveE Al tabr 3Rl ot B comprises:
sai d @pperatusitbafreerivesra oiass flow Cateirp Ifios & mastar@oriolis flow
atus that derives a linear drive frequency

const’ant aF for a nominal tine delay Ato ; and
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 a, for a nominal
time delay At, ; and

apparatus that uses said drive frequency F, and said linear drive frequency
constant «;, for said hominal ﬁrr;e delay Aty and said mass flow rate 7 to derive
said calibration constants. |

Preferably, said calibration constants are:

Aty 0y, , 0,

Preferably, said apparatus that derives said calibration constants includes
apparatus that solves the expression:
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25 apparatus that uses said drive frequency F, and
said linear drive frequency constant a,, for said
nomnal time delay Ato and said mass flow rate mto
derive said calibration constants. Preferably, said

“calibration constants are: Ato,crF,a.,aF 30

Preferably, sai paratus that derives said
cal i bration cons®ahts includes apparatus that solves

t he expression: t0 = [ F-F) i La(F-F)] )At
1.10 Were At I&% "WBEE&"JI%} %ﬁ"gtrng])v%to Nomi nal 110
time delay 5 m Flow Rate F Drive Frequency Fo
Drive Frequency @ moni nal zero flow aF Linear

Freq_uency constant for zero a* Coefficient related to
MABE®0 a,,, F Li near frequency (tenp) constant

Pref eppabl y, saiRibvajmdacaxt ime @@y derives said thermally

.conpensat ed ma}? £ QW rélt sol ves the expression
Voring t delgy

At - at éte ( F- FO) : +(F-Fo)a, ~] Were: 15 At

Fl ow ijpduced timassdabRatédt o Noni nal tine delay m Mass
Flow Rate F Drjvye Ifre uency aF Linear Frequency

const &nt for zer®® B Y constant related to FCF af F

Li neargFCF 1 ey@/aBreqiishicp - romisdlaato flow

o5 Linear Freguency constant for zero
o, Coefficient related to FCF
Ly Linear frequency (temp) constant

Preferably, said apparatus that derives said thermally compensated mass
flow rate solves the expression
m___N-wAt,, ~(F-F)a; 15
[am +(F"FB)%F]

Where: .
At Fiow induced time delay
At Nominal time delay
Mass Fiow Rate
F Drive Frequency
@, 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.

9
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DESCRI PTI ON OF THE DRAW NGS These and ot her advant ages
and features of the present invention may be better
understood in connection with a reading of the
follow ng detail ed description 25 thereof in.
connection of the drawings in which: FIG | discloses

a per Ie view of first.ex y, Coriolis flow
netersﬁgcﬁ%cl)%giﬁﬁate\"ﬁ‘golf e‘:fwlfwe'ﬁlr%wé Is a top view
of t heFlGndsla crss-sebtidHabriew.taked diorg lindsi4s4 of FiIyt Vi ew

o ose BB SFdin sowliia s Peiptianiip hebiedh orivefraauency.and flow

Ftube t8mperaturgr aph showi ng the rel ati onshi p bet ween

o1 e FEEEN R e RGBS

f medgriahdgnsifpd material density. FIGS. 7-9 are graphs

S A R A

cal i brid68. 16:d1@oe flovichatd ofithe metied wwed b cakbraterthe Geriolis flow

f R 2.illustrat th
gﬁ%lfevrg ?%Bgﬁgﬁpiﬁg rri%sif{gﬁar? o’ﬁl'coﬁzt ;ﬁt gs FI ?38. 13 and
14 i | IR&t 1 2fllestrates thengmivationvef tiee calibeationonétahlse use of
f : RTD t ide th I
comporagt oh g & iEEHE ne cophdtalle ditimaien it i b o
Mreguengy cbanges vefstis RID fol fFovide thelhalAlontgenBiERER! PTI ON
15 No ' t. o Fl i br gt i act or
15 e il oL Bl oG B G
i nduced tinme del ay ADETWILEDBDESCRIPTION ay at zero flow
ngﬁgn@% Flow Rate F Qperating Drive Frequency FO

ve Frequency (under normal thermal
condi tRiGms) asPrididstFlow\CdiibmtiomFaétect urer ZERQ( F)

Ter m descr bi gyl 5 FLAEEL F SUENY hag on Nom nal

At Flow induced time delay

Aty Nominal time delay at zero flow

7 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-Fo) .

oy Linear Frequency coefficient for zero

a, Proportionality Coefficient relating At to mass fiow.
Similar to FCF in the Prior Art.

Qyr Linear frequency (temp) coefficient for «, .

Similar to o, in the Prior Art.
FMUT Flow meter under test.

10
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25 Delay, Ato. Equal to eto + (F-FO aF a.. Linear
Frequency coefficient for zero a", Proportionality
Coefficient relating At to nass flow. Simlar to FCF
in the Prior Art. a., Linear frequency (tenp)
coefficient for a,,. 30 Simlar to ain the Prior

Mﬂkmter under test. 10 Description of
Clipy 5. 15 a perspective view of a first
possi HI@. ﬂe@méremectie@b@dn Mrstq:foselble@emﬂlary efribodiment of a
oriiis 76 el Stpbafind Y Hvelion, ob afhBEeS 2 55y Frigr o having 2
Lf&g\stubé gozms%rteﬂ tkbag@t Iggi 117Pi lig- cﬁbése 1en gi\:rvd-geﬂf’gﬂ fgngPo
ri are c
Sty D S cE e B e wbe 2t Py PR 100 St H oS
tagdtfeiagbvﬂbtvdsom lsapply gTbet mmwmebsﬂow trnuegh probesk08
- Sobriitr o d0H nube S | HRR R 107 NiRtF B o8 pf basbhiint
ml:mafewmh noatecial flow by ddedr 2 cTheresulting Clodeisadaﬂedtldns are
LPO RP i . i
G184 b ook psR 120 S Rt KR BRpY s8Ry Sgtors 112 ana

el BoorGulolis fiéw metéﬁcarléalimk:sf‘lmwmbﬂsr flcaV meter @lectonite 121
EEFLE e et Sdns. stertiordte BRvE FrBies BSWRRA determines
ome|f&ﬁhaémmfaadllatnpland$ppu|¢spmmpmtrirﬁfomuﬁdnh czpertpteirtgibmhmglaterial
t t { 1 . .
it P Rbie bR S iR gL act 3o el otpips 1215
|$‘|0W10Mfft!}6ﬂdéhﬂbhé?lesr5?r:lf on FLG 15. 15 T{]e )

t oW ,RASSES .
Tobe o8 rtateRaRRetd 00 h ke B2 AR wRian b i whicn

thebaateal flolar metabe d 08 tleotghoprot8ss i

r'?-"i"f“gsbe (g)s h ch“’é‘?@“&”‘é‘?s @e torial flawioa

st 10 bSikeft e dRna| B5n TR R EiseRaprisalbn © o
?nd 1?}gmmmennedtmb§so'ﬂ,oms Maﬁ;ﬂo ddg?:gtgug%une:]?jdesahd
HAGoihe Srde o1 1B 1ybS 2 And ek 00’ i SB8s{ DEHIonE Rave o
%meédbﬂoucﬂﬂ g thall iedudedCthreade i124. kmklmyhcdemsmieceme set screws

t 1
A0 ol B0 BeleAL 11 feio 27 28 bl AT R fimovabie
Iifottidinofprogbess konnadtiohin 1 87 theoughnt 10 arelterebtiedcants m4le threands
ir .res

TR ophed ey BB Kies VoI ke RSy ol Brof Binection of
pehith te Hebdagomal auppartion Titkise pirh CHEese pogees tonmetions function
fiH nacrtnégﬁer similar to the well known copper tubing flared process connections fo

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 RP0

and driver D each include a coil C. Each of these elements further includes a

magnet which is affixed o the bottom portion of fiow 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 coit C and its winding terminals are
11
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25 in a manner simlar 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. Descriptionof FIG 2 In FIG 2is a

t i f f 00. of FIG 1. PBi -of f LPO .
et Py b0 aht HED SiSe0Rte ¢ foresRonding §ae pRmBLaNd a thin
0§th RRsEtoethe RN6fthé basdelemient: | Trikesrrangenmemt excilitdies theirsounting
a | X

PR o Bkl o AP SY e ARt 8 B RafiSanst M o the
i @ﬁdﬁ_ﬂ@l@é fﬁﬂmafme, QItme _mfcdme fccf1 a pridﬂ‘f't:l\mgn@%ai;d 188 (for driver D),
a thin strip of, er.i S as or .drjver.
ToRshaqing e pgrIan ek pLauPHye PRgnehinBouRg ineel s upwardy
Ved ih?gtlﬁ(lﬁéﬁda ™ fémy ﬁhte?mb fgeaaingl (ijn' ¢ail cwitreh p?iﬂcming' besies

are i xed. -of £s, LPO an a haye
coprean B roeath i i wia RS Sevifd oo sigments
t ftgethep sothat e thuttom of base i3 isTaffirediby glog &nthetsurface of the
facilitates {ée mounting of a driver or a pick-off to
bEastR AB%e {1fd by the steps of gluing a magnet Mto

the urkiahaledbreals fi2dof probess whnestions 07-da0 lareéSstiawreon FIG. 2.
F ke kper sl o 1o 38 samipris e GBI TCh By g PRAS2
Cfickivbs GEMICtorY 1 é 2,01t 1Ehﬁﬂ 11u_etc_rmb_nseﬂow/hfeﬂérl ej?mme?szu gyéFlG.
openi in COi en_posj ti.oni ng pase . el eneqt.

R GRIASEP A R I5: 7 18 BimRS v B PP BTY MGG iy b

t bederstobe et tise candgetbitet125013 bad 1ldextand thwougif ofeméng 132 and
Lot 555, P45 3. ESHRRER el DBor TR 1

cDeseitibe BEFIBE 3ldid 4ar e shown on FIG 2. The inner

det ai | h t h \ FIG 4

O Rl 55, BT f P o

Cﬁlﬁkéﬂ icﬁthlé: Ilb@nbrﬁqioﬁt fonedf giowtalie 002 dritila obil Ellaﬁix_e? lto the bast of

shown on nimze drawi ng conpl exity.

I—ﬁ@@\/‘éfrel?’?e'% Lﬁg' ggg]aﬂﬁglg\'@t[god t hgt t g condﬁct ors

1:112, ) IHi8, angla %éétimﬁttamhﬁlbl;% bi@%‘ldx-gfbcfiﬂ?.gz 1B&. a_rdﬂslcjdises all the
ur t her nd over . pat 0 0 0

t Pltmants 164 ah BirrBLogaikestatoasss Sopdegifng 709 81 00 and

gb_cﬁ\gsag@n ©-fingd 430 Soupleoitaw ﬁbeiﬂﬂﬂﬁtﬁ basd 1d RAG. aﬁlﬁlﬂher
rjver D as.CONpLi e affixed to

eteRe e e F0Lehd R Hase Yoa The K oedsh B hese

t epdriiegdaaendyfto tiealivenurtice vt tHechdsB@f plekOffa LPCIRPO @nd driver

0

D FI 4 s a sectional taken al |ine 4-4.of

P The cofficeand,apagt M asoomted Witk oed] & ifknedigments i aiso shown

apfl Fieut [Coriocliefléw hietifeldttoaies 92¢ onPIE: ti is net sHdBmaomdFIB30 3 and

a‘re (go 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 108 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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O-rings 430. O-rings 430 couple flow tube 102 to base
401. FIG 4 further discloses openings 402, 403 and
404 in base 101. The top of each of these .openings
extends to the | ower surface of the base of pick-offs
LPO, RPO and driver 25 D. The coil C and nagnet M

on 1 &vipd eginee P oot ameE Gl Tot frthdr 8eg dfacec
1p¢rﬁom 24 whosenthesads| réSsivedthe mibvablet peortiomd 16 afprocesaicognection
R i A (8 oo 0 BB bR 08 droces
?mcﬁoro’tm&m&he?nﬂ?éemn itaebﬁafcohloai/\ﬁtub 41H2 whizd. togesherttweith
i 0 of _proce X

TS Bl 483 e} S ANS HPA gl e 104

r ee=ithe cgnided bmb4421(3 df figed pattiom 1 bhsEhig Oteatas aacarapiession fitting
{

¢ RE g rfiRes i el SR o S0P0IDlottD R it e Bfica stud
| portiom#H am; %xe:cpnrﬁmmle? Teofdheaproeessembnbgetion: érdtesniet)@f ﬁomtube
| S621e oo rodess oiheitgh Bl EAEH 14 and RN e 425
it\ g?tutdeﬂs%ﬁsy tt'rietmiéags, the ptocess mgtenalwuereu rb:sfesdpplvm 104 is

o X
ik lBd B e o TPy ups o2 PP ietBfiplre ot i pont
etl'emglrtl ﬂoitulﬂJbief“l op llt@ﬁ:mspt oﬂ(i)m_rr(r:rtellcdfl poocese 80flmﬂ'0:tlh3 f t09 where the
WPERPtaSE of oy b i Aug N Rpe 3250 PP 13 Thisi BB Shoees
f thecautiehef floiwgtobe @02 totorineptot 189 bEhel Gther processt domnections 107
c B Rl Toke 11413 idbpttar 5 PoBg BpdciPod fohnd Beg Efiodise
operriestiores 108.ama 109 abEIGLE4 ont o t he coni cal stub
pglg ti OEP413 of flj ﬂég gq,rzt ion 111 of the process
c flow tube 102 is positioned
in ﬁr ]ggﬁm\i@rgh?mh:ceo:si ﬁag)pfcbtwarmrrmensaﬂbnaafwe mats fiovin output
o obe GBS o mafer B uBlot e foeBheh A 3 TiOiiey 1w tube
r &:rmeratdrebghambet;oﬁah's fidw metere ﬁuhmrﬁ@ﬁssﬂw cmeotheols)s
t r o

{ Exiuaiin the e ddlag 0 Haptirn e IRLAY LBl ootk
opbieh of e viirafingPlow tﬂbe ol fthé Caridlis ﬂ&h rveter Am@f&eﬂﬂiﬁe (dblay at
P e Mracis b b o 5 ik ' B
c ﬂa\ﬁ)?&bio‘aﬂée QQZIubfthﬁriQ dﬂée@y 9?0p5h@nal toaidss fldNia @ Propotionality

those describ for the detail &OCGSS

c comatant; Wl%'s t@n@dlc@gbl@homtador ﬂF Ciodp dhreprighatc ussi on

o o B b e PG ety D o R 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 fluid density must also be evaluated and
determined to determine mass flow.
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of a Coriolis flow neter by using drive frequency as
an indicator of flow tube 20 tenperature change.
Coriolis flow nmeters nmeasure mass flow directly by .
calculating the tine delay (At) between the inlet and
outl et ends of the active portion of the vibrating
gle|ow t%%lthuBQﬁa@{a' ?or{d t%véﬁhgﬁéﬁsr in téf %ﬁfaﬂ@% Tﬁ%é%ﬁ:hanges
fmush ttelmrsaﬂeuad tatasduratalsecamlw nwsuﬂng‘ ratel owaditionsilp.itie

S
Zth}éﬁﬁ%;%rebl ona es?@dztéﬁﬁrla%am {I'%riéll'rﬁé&tﬁm 9 h& 9 pdsftioned
cen i nactiversuriace of therGariplis tubeh ér hisris generatly dOfFEI tmt%lde of the
dﬁ%ﬁé B%réé)l %ﬁg Eg ddﬁiﬁhéjﬂd\ry ﬁeiér%g%'kﬁﬂqjé’gtrélgﬁt ﬁoWbe

ersta e sensitivit requ
t Ehgre issna mecmcaeamrsoftttae ﬂ@WéUbsewswhyh aéemaeltatwa @teaﬁérement

T}%@F H?a"tl éSfjth ?Igwciﬁ’ﬁ@@érﬁg? Fn%ﬁé Bg althaRe 8bn¥of PSérflrﬁ'Fer on the

I ow neter resent 1 nvention

b@mﬁ@@mﬁpht affegting edlpuansaraspeci fic 30 gravities are
qui terfa{'{e[}iré%t inV8fgbr eﬁ%ﬁ? Eﬁ%ned ]Jl‘i ﬁovpﬁzb#%rﬂgéﬁiure by

t enpe conpensa ngi ng
f inghitorimgrekive frequencya Usingisisive freuencydn aseprdanaeavith the gresent
t ¢ of I
r@g%gtno& t?‘g@%gﬁﬂéﬁeﬂsé’r‘ﬂtug%%g%&%u régﬂ‘ﬁ?ﬁnggﬁs gcﬁ' él'ggaloil ut raises
bidedeliewini-iseupst J hedquior att @n%asms(iema@retmysmg mﬁﬂbﬂ*grmai
u

o156} rUfRet on o Secondaly oF RachB Xt Biis HaW et infors the
oorgiisiflowdube temperatitse of the Coriolis tube. This is
gener f
i sl anemeliBe af bpdigns o Iibrpeci FEnRR] inblovel e puracy of
f thevtemperature determinatiomand alae imprevesdibe mmterdﬁsmr@eftmun
t at ure neasur enent
r%%‘rg%ts %%Plg’\%ﬁ%%ﬁ%wsfl ow tube can be made by a
t her méNherevsing frwanpv @A adneansitp detect and carprensatefout

n
clep Ll AR, oYt S es GUPIBRTA s 1eoliE s Yhects of
niuequegcy and masy flow bﬂqlh e'rlihq expigisig isl arramgddrtgdpmcrirkg a flow
accor.danc se i nvention. to, determne
CEHRLPA A & MetsttyeR RS B irad BiEbledy s B4 F o BT that the
r Gicie-off defaheatf Rld Rntti dfssase Towdnd diive Beqaéricyneasur es
tenperature using an RTD thermal sensor nounted on a

secondary or inactive po¥rFof{7ef)the flow tube and 1.1

fers ibolis flow tube ure. 15 The
B 58 bR 6 eafilar abad 1 SReregrna M 4 RN P pr oves
accuracy of the tenpggature dgtefm nation anngal SO

i mpr ov &&= f (1. Fipt G- Fé%dﬂfe'fﬁ) ’Ucé(fétF)
t enper at ure changes. BFF
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

1.2

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 At linearly. Doing this and re-labeling the
partial derivatives one obtains:

14
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When using frequency as a neans to detect and
conpensate for tenperature changes, a Taylor Series
expansion on At isolates the effects of 20 frequency
and mass flow on At. The expansion is arranged to | ook
like a flow equation and a | east-squares

pseudo-i nverse problemis t . up. su t he

D7 ko of f  dofes A A~ )t + Gk 8‘n+wwmd 13
drive frequency. At=f(m Fzegmier This Jrditfe expanded
about an operating point with a Taylor Series: 25 5F
+Kbw2 réderangq dke feons by grauping those assepiates with zase flew @ngd those

b ﬁ%ﬁ .an infinite nunber of higher order
tg?%s. g%“@%ﬁ?ﬁhl fit can be achieved by taking terns

that effect aesDar, #{Pwrgeg |FGR— eqr—ﬂ(f‘—vﬂ@hgg 1.4
tenperature andE)?!(érFm th);ﬂe?fﬁectoy[zero and Fﬁ

0 Fal eativenidncy chbdse ricenipet riat=0r equdtioncvbcan ies betavanged to look
operating tenperature of the 30 sensor (18-28C) of the
pilise eflowi enualien.on, behavi or is |inear enough to use

only frequency terns eff{eciingsEgR,and Ato linearly.
Doing this and re-| abﬁl-—-i&e & ﬁ'_) £al derivatives 1.5
one obtains: ~t. 1to+( Eathi e (F-FO)

4

aFE+(rrr- F-FOQ at,F 1.3 Sfe ~ nfequeecy nfaWwm Now,
r&é?%@&%@q%@’ﬂé& by grouping those associated with

zero flow and those ,;asg;’g'@‘i(ai.@ﬂ) irt-ef)l ow. 1.6
At =[ato+(F-Fo)a9] +("r-*,)[ad,+(F-Fo)ajF] 1.4 5 For _

c divawirigearcanalidgydeiwesméequationsh .5-20d 6@y itaandie seen thatthe portion

th be. t.Q K Ekes i on:

w3 RS 15 I8 3P lag o hibRudh of (AR O

art flow equation i?ZER@(F)EgEfu(I-(F'—@T&F At - Ato) 1.6 17
10 Drawi ng an anal ogy between equations 1.5 and 1.6,

| targiatAe portivn o edldion tiErefming ito Mlowodalibratian faxtor1 aga function of
relative to "zero" as a function of frequency is:

ZEFRSURNEY i 0+( F- Fo) aF] 1.7
1

P ) s (F=Fo)our]

Rewriting equation 1.4 in the form of a vector equation sets up the L.east-Squares

1.8

Pseudo-Inverse problem:
n=[1 (F-F) m m(F-F)]

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:

No

o Nom([1 (r=8) on i P-E)] ) 110

B
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and the portion of equation 1.5 relating to "fl ow
calibration factor” as a function of frequency is: 1
15 FCF(F) 1.8 =ran+(F-FOahF] Rewiting equation 1.4
in the formof a vector equation sets up the
Llialitoi Szua_r esF IF;seudl(g-lln\éerse problem ao of=[1

- FC rir(F-F)~ a . a. . As ] .

BN A0 treqagtion va e Biet DR HREPHRL IV ET4D F PRYmally
Eﬁhﬁbt%mgkﬁs?@ovetmtd_ & rerm%ﬂ nfiérme. f rom a series
connect ed nast er ri.gli ow et et I
For 1 A Tesiane vetwopnYaenonty Bie 4 med)perBdange g
bélhbergttﬁl@.s gbuadlsh&)é lﬂﬁg Ludgnpehslaztﬁgs‘;eindﬂ fehperaturevafiecisrusing
ao, =, F- rrr(F-F it 1.10 a. _—
@V%ﬁea&'?wvgb@’ﬂ'é('? gd% 9&8H%t i on we need usedaby t_ﬁe
meashttion dTFBI 50N to gpti rrgl Iy characterize the
senso(. [ t . . t '
art veFIG & fiatees e s ferabie brier SaftiedAne/ afftensBfature
:fﬁﬂmrfMBe sawﬁslf ae linds 501 and S02npPkhesficw tube fsbosoré were placed
enperature effects usin IV '
TRV aRReS R Ve oy tinier 17 AHTESE, DA ReR et
:lhe wes! f{iltd éidi‘df igia betofl;ﬁlﬂés 501 zm;i $02anu:the\spenified operating range
enperat ure or t [
P8 335 T b i bt St s 35330 B0 e R g e
WhpRigink SN eihdtS0RewRean estiratd tixesevaitivity 6f drive: fisuéncy/as 14 Hz

lin trend 10 .line.was fit to each data set of |ines
HI?I(F@LRFE‘ SMPARYIESWMLci fi ed operating range for the

IoasiptiorsofHIGWe bet ween dotted |ines 503 and 504.

'ng FS .66 Sra%ﬁg dﬁ\ffe ﬁ'gcfuhency versus fluid specific gravity for the same two
sensors on trend lines 801 and 802. The sensors are specified to measure flow
rate of slurries whose fluid densities are from 1.0 to 1.3 SG as shown for trend lines
803 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 instafied on a particular process using a '
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 J 7o a:m & i 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 time delay) to

determine the measured flow rate #  This is described in detail in the following
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trend Iine 501 and 502, we can estimate the
sensitivity of drive frequency as 14 Hz per ful
scal e tenperature swing. Description of FIG 6 15 FIG
6 graphs drive frequency versus fluid specific gravity
for the same two sensors on trend |lines 601 and 602.
The sensors are specified to, neasure flow rate of
Shattjlaghs. s calbatio constantsi D%, #¥p T¥ pnld], 0 atederived geing a
as shown for trend lines 603 and 604. Three fl uids
wiouelevelgdocaguspamnexidesaribetlt y operating range of the
sensor r

A ?e%\g??oﬁafsqﬂ%s IB{e? ?}é\@g'% (::tﬂlgﬁé‘ iGN MEECD b eﬂ"ated are

and a I 'ne wa data. Using the
stapectot! insrriestandredtest figwy iswppliat: Theflavsgata cpgesponding to
ST ¢ . Y Cr
SR MarrEof BLR ueeitt P CHKRrich, hedRist Mpuians, Y
t Heotifdng mass fiowiaf hef m_awemestemeﬁes gnmmnar@te_r Qﬂﬁﬁ?q}lenc){
p@c;nttﬂébq}ﬁbﬁs[ ;cﬁ&tqg Efawr el ‘fé%gea? ?@é FreG4ra4 nidsd 'flg‘:\) ffoh fHeSmaster
range. Furtner, once 1nstalled, users typically
c@biidisdiow rhéter and themedes cormetied tesied Goridlisdlovometsn are shown
eigiﬂén?ti ng errors due to new process fluid in the 25
devi Ce

." Description of FIGS. 7-12 FIGS. 7-12 descri be
the nmethod by which the calTakletdi on constants AtO ,

aF , a ,rateg—of—fto i 45 et ' ing
the calilbrat Bb' prloce ureb%rg’mé )Fpéggnliihllar%\%w;é%r.
These cal i bratti on clonst ant30ar e defi ved us2gg 30

equat i on~1—3+6-—Crecerderveg—thesetrare—Hset—i+n—FHow
equation 1.5 ?oget her wt hgq he neasured ues of
drive friequengy F and At (3Bpow indyced tints del ay) |to

determ n —ed-fl-onwrate—tth—F-s—4s
describeld in fletail|in th;?’ﬁol | owi ng 16 paﬁagraphs.
The calibration constants At0O , aF, a, a,n . are

deriv using a, four |evel proceduyre as,next .
Goscr hednesstpimass Fra a8 aste veriels Tatgmeps and the series
Cedrinetbied tédt Ouriohd fidw Frietdrisimglthdfoal ®t Aing of Tabieecdredhown in
series_and a test flow I%Fﬁplled' The fl ow dat a

cbiG d's JhrdpHiguns am skom of FIS.of togeiheewih Hig Griyeseonding values
{ ONtoineratitb] divaifieaendfndSthr HRlthdster! CSrionk iGN hdid 418 used.

mass Tl ow of the master test ne

t kinp ZRArepresantethediowratecafithe master Sadolisdiom metershown i n

Tabl e de g Fll%sﬁ@@? H{eeﬁjatgﬁ?'%infeh%\‘. thé Rr ties m?lgto‘FFIG. 7. Thisis
er and t est ed

Corioli's TI'ow e e series connected | _
Ctheidala profiledbatrieused, as subsesuantlyl despri@d for equatipaldl ), fo derive

the values of the calibration constants Ato s> Q. O o 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 Corioclis flow meter during steady state fiow conditions. FiG. 9
shows drive frequency on line 801, 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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Run Mass Flow (g/mn) Fluid Tenperature C 1 350 28 2
50 28 3 350 18 4 50 18 The neasured nass flow from
the master Coriolis flow neter and the series
connected test Coriolis flow neter using the four test
runs of Table | are shown in FIG 7. The four runs

et fows 51 =ttt POt By 0 it & R TReHROHR filpss e

t Bgs gﬁz&;‘_ﬂes@gmsol is flow nmeter are used. Line 703
represents e flowrate of the nmaster Coriolis flow

met er. ﬁleeplestr@mwm ahewn R &GS haoh{ 2 axeautes the data
: Echegﬁﬁé ﬁ.lnbﬁtﬂ% r@ uifekdo lljrﬁﬁlteﬁynﬁm'e%lpe&ﬁiﬁnéj§ﬁ@vr{’6|‘i’f=ldj§ 7-9.

|s used ubseq descri bed tfor equation
1 n 1 | ues of the calibration

const aﬂtﬁ 16%a bicRK diagfam 1808 descHbfi Héind ARSSLPaHoPap

the flowrate of the " master Corio | ow net er.

o okthewnsesant inverfionidsrives the; qa@brati@mccmséﬁm% nfcks. éﬁdilscloses a
?Wﬁ@é ortS ?)or %?e‘Hs'ééEh re§érﬁiﬁ€)ﬁné lbPWore program

at es hods "gi ve at a

c nsinaiams stored inmemosy 1508:of Crorlew v eeter glactignise daty The
S ir@&rﬁcﬁdn@‘@(r& SiiEHuEéoOJySproEés@or P5055KAME C@ﬁbﬁéﬁﬂow R8P Bie¥tronics

I'i ne erature on |ine 902 low rate mfor

od3hwith ﬂaewe’seiﬁs eithes beipg stared me@p%%oﬂ 2f thafipw mater
9QRctrdhies BP&%M ?utﬁutté&%ré ok BOSISo 122 om@gr%eés.@éf FAGE10

repr esent ed e 905 S|nce they are both congruent

fderi\ﬁsetbdxtahbiétloﬂto@hetafﬂs EEZ}J ,Saacour acThe detivetl exibrdion
by zero error for both met(h acfos ine 905 all

f eoistérets are inpatted\BIRIG. 3 whtrethbyrareliddd tsbeve tentpetdiure
| and 15, ecu{' S the data processing functions
r@%P?’@f?‘g‘“ WAHM® 7he operations shown on FI GS.

7-9.  ©n IPQISCTO Btehﬁsht Wofiﬁvedﬂ'neaﬁphtbkkﬁifﬁlgﬂﬂs afd ftom LPO

géﬁéﬁgﬁ%% 1F‘H8 aBP@?&ﬁ' i S, FOHITiGE Jses Be received
Cidritatbh RladiRB B Bctell APand the e RREENG, FPthe ol ineter

processi ng or ogram st eps each repre entl ng one
obnggirtestp Eéﬁjﬁ%fm'lo groeiyes ifl'@n"se'§lﬂ1gﬁfe‘h00f-3ﬁh¢r§l§ﬁ$l9 ragesenting the

Coriolisflo er.electronics

Feasiyed ion e B0 sBlof SYmapied 2dierses 489 myter. fisment 1005
Craceivies thd Atmwve idicatedinfarination frem eléthents ti004 ard 1083 ktduses
ei ther being stored in nenory, 1501 of the flow nmeter

them to derive the calibration constants Ay sy &, , &, 1 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 1106. The terms At and At; are derived by element 1006. The expression
F - F, in both the numerator and dominator of equation 1.5 are abtained by
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el ectronics or being outputted to a user over path
122. The process of FIG 10 derives the calibration
constants AtO , aF , a, Lr,, . The derived
calibration constants are inputted to FIG 13 where:
they are used.to derive a tenperature 15 conpensated

* Flomans 106w slrmerd 1gi TO IRy Fro SOl TiRals ont 1004
It e, RBL Cird BRBNG B UBRBNA4, vhi ch uses ¢ he

orﬂ’a lon to derive the detected At and
the dr Ehéfhefnf efnEEnofs aif oftthe tdrmswinrthe right sidedefrequetion 1.5 to

El ement 1006 receives fromel enent 10

r BpRvidech famRpratee CARANSE R oW | é{%?ﬁ‘g? iﬁgpé‘}ee?f’eﬂ
COBDRE FRs! 1fﬁ5rﬁhﬂf€r%lédt|@m§amr. El enent 1006 receives
the above indicated information from el enents 1004 and
1MMMemto derive the calibration

const apie 12idhows e methitd thélpresbyt isventiomgmetpyato derive the
1.10. The derived calibration constants are extended

f rcalibratiemeoTstanGOAL, 935, @6 UsiuEaRtien 101 T he derivation of
El ement 1102 receives the i nput p| ck-of f signals from

Pitk& elbtstiohRenaBrtsRRE A R, , & f.0lof thedriéw Mstersdreder Test
under tests. This infbrnti dﬂ [ extended to el enent

1 iyderives the At and the drive frequency F
fﬁ?‘%@’%ﬁ ow neter under test and extends themto

el enent 1106. El ement 1106 receives the outputs of

el enenirfe hifidy Wméﬁ&ﬁeﬁ@nﬂﬁm vaetibe cémmﬁaﬁaéfﬂmce flow meter

conpensated 30 mass f]low rate o under

test byoRRACHRY inweries Wi thefooriols %'?i‘ﬂ |"le§?réﬂ1\gf9ﬂ% | enent

1106, Tdm b%%nﬂasﬁféﬂn&?&ﬂoﬁﬂﬁeﬂm'ﬂed by el ement
1006. The expreSS| on e nunerator and

- F bollf_.lﬂ ﬁ{.h
doni naﬂﬁ'i"egfe%’&!]%)tmSﬂSL!Ee@eﬁ"rféc"'Bm% Hd- by 18 el enent
1106 from el enent 1104. The termaF is obtained by the

O o et oo T SR ekt hon

t%oanma% i85 Shovitibalbivon 1.5 to provide a
tenperat ure conpensated nmasg flgvx rate output to a

user over output 5 122 of EABLEAR fy om neter

el ectronic Run CTiaRaIFferehcd | 12 |dekFiuid2 shows
t he net hod |t he pr esllent I nvention enpl %_ ys to,derjve the
cal i bratior| constan sMagpFlow{g/iminy i | Tgmpgeatyg
equation 1. Qe gertvarggg of ¢ e cal id@ ation
constants ﬁgQ . aF a a. F of thelFl ow MeterUnder
Test 10 (FNUT) Zequjres: 50 28

3 350 18

4 50 18

The Actual Reference Mass Flow and Fluid Temperature may differ from the Ideal
Reference Mass Flow and the Fluid Temperaturs due to limitations in the
controllability of the flow stand on which the FMUT is being calibrated.
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- The actual flow neasurenent froma series connected
reference flow neter connected in series wth the
Coriolis flow neter under test. - Tenperature
measurenent fromthe FMJT. 15 - Drive Frequency
measurenent fromthe FMJT. These neasurenents are made

whi |l e i i L5

Shown o g Tin o eBle-Y, Sl ibaBiBRERE G MRS Fiow. the
RETMUYE terepardiices and thiedFMUWR dovefrequengy atemaderhetr at ure C
1 350 28 2 50 28 3 350 18 1 4 50 18 20 The Actual

Ref erence Mass Flow and Fluid Tenperature nmay differ
f Mdm# ofeneateramerfie bEthe tree MfcremEhtinned quantities Buding Run 1.

ST bBufeifont ot thEHindd fRamelichol g fitkt ALHAPRLA oY
c & F#cfirasisutetnagnts ofdhe three afasémentitined yuantities idptieg Run 3.
[ B s treonfi i 1B Srcferidhiohdf gu rithils during Run 4.
Let: M= # of neasurenments of the three aforenmentioned

the 1 nPufig M calbafbifnins ofFIC: B fedeiafFaR gl i e FrauT

# tahperanse aadithel EMUOT dribe frebueiRy aftssgresd meadfed M+N+O+P
rements of the

titi, duri = # aof neas
MRS 10 Festitat Mot BN be Aeadl saiago s mumberst pefageters
]E litneirfg&ﬂoideﬂatgm[rEdfgﬂﬁn o1 oFIx—tfaweSer, ttme;sﬁeﬁmgfl\ﬁsg tHER #fe sum
t t enper.at ure an e drive .
£ MEEES B ek gionth SRR s Motb e PRRRSBEITS ReES spived or. This
r ?sqlhnbrdeﬂnnihabf d\/lgh&@da ahelis mgblbmﬁﬁmicﬁﬁbmlt'l.aﬂwe éll’é?orwhg Heolve.
sol.ved usi uati o .10.
oot SShinpe EAeE e 5onifie VNG, skt qumborc
nuEasgrebingy oftrbfarericaMaes Hiow, thé FRAIRERipRFftuitairiGhe FMUT
| ved far, .Thi he definition of a |east-squares

. LS t f on | - SqL .
e R iews 4. Qingntipgall. &% cafragon sroiam shows imgauation
eli10, detated by fabRitaind depicted iamnsiswn iﬁgutshg. the
: (r)]teaIF A nb@rﬁlél%;aa?f[ﬁ é?g,riﬁigﬁ%tégmf,{b?re%ugtrignn% .(130 is s?gived, foovt\j’r values

are obtained, namely AZ‘O A ,arm s These are the desired calibration

constants. The term Ato 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
termQ 7 is the linear Frequency (hence temperature) effect on zero offset of the

FMUT. The term o:n.’ is the Flow Cal Factor (FCF) of the FMUT.

The term o:m 7 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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frequency is 4 tines M Dinensionally, the calibration
probl em shown in Equation 1.10, dictated by tabl et
and depicted in FIG 8 is also shown in FIG 12. Once
the data of FIG 8 is taken and the equation 1.10 is
sol ved, four values 20 are obtained, nanely AtO , aF,

1@ a r; ~a Ff E!I; T15ese are the desired caI i bration
C rmAtO is the Zero offset of the
FI\/UT FIGL 43 ehbwe theqemsitsfof asing freqoeny defieminetiion to achide
adi tjonal sense (i.
+ el coMitend el ad donbarit 1R Bt BRTBithertial keHkbrs tonitor
efidve aibedrecuency aid previde therimal cditdhsafidre FI&: n8 zlearly shdwes the
Flow Fact o the E . h i
+ et oftashBRhShamsh e fankd Comlsettt ol RombRlsiS e degof the
oRTBEMUine T3Seprsabnitha triass flowpsovidedshycthe masterGoriotie fow
in uaf i. 1 0
cBiefetn Salidling 1708 pirairths "odlis obMed i 78 ensors Pt
Mineet 304 jthastrates the use of freduawoy ononForag. as]pramdedm accordance with
ﬁ‘gcut es.the g‘%& processing required to inplenent
PJﬁ%%f’?"&H hown on FIG 12. 20 Description of
FI G 13néNh 803 partrapethe drike freguaricys Lote 180Rmpyprifaysdoetecyperature.
rer ati,on to achie [ e [ .
o ioB 1Pl BblRmete, BN Ronsh ARk TR, SERRCAREI: BBrBFs ptne
f 808, thé)ﬁelsﬁltslcﬂhe :]:r)asmﬁt;np IRTD ale theasewl frequegey saeilayone
FIG, 13, cl ear shows _t
¢ aptsting ety HRRENT otk . Beohions StppheHER ¥aRB5E fa0s,
RT806, landel 3m3®\31|oheppmsemtsudum dnange"s liromaps flow dde. Blendrd 1305
nmast.er Iy Sl ' t
C RattRlos SRR P4 10 ding TR 1B o coprBBerts e fiEte o fate of
1Bﬁﬁna$téu sitinet| 888 tepeesents thé rdspensecofdiie KT tlome M30%epresents
ovided in ac rdance
Pharestse st et idno; PR iRiEeh meli isdrsostha
p@BﬂlEll mspondes dre ﬂmmahﬂyftae sainierie tHe3fktiop @f transitior fepresented by
ul t S w,rate t
Bipttent 2408 ian 588 i tein it he Fasbphed #3lis St o .
gmldate;sfthathe reaponseﬁoﬂ thy RTi:diverges bensiderably &em that compared
ver gi on t he tions renpr nt . 0
T Babr e fikslar, hd BSmBRbher VRl BBL RS Rl refiics k0 B8ments
i n30&asd 130 whearedhe fdsalteobtaibéd hsib freqnerdyreonpensation in
130 1308, a 9. _Line 03.r t
£ Pettavad BY o Pt efig ol CipPell e BRP GRS o BB 8¢ portrayes
r bg hoen $80Dtheh lee&iHa. rehmllsqaottﬁﬂ@drbqﬂhehmﬂ&ﬁ iepeesenting the
res usi,ng. fr | . It can be seen
t Fﬁf?’R Eta Hﬁﬁd%@ﬁ@"*i% g@é@'ﬁ‘%s are essentially
the SaE, hihsd RS RS’ Ok 5.0 0 ) SR FIE RS G5REL R W e
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 requi'red to implement the operations shown on FIG. 13,
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el ement 1305. In can also be seen that the response
1308 of elenent 1305 20 indicates that the response of
the RTD di verges considerably fromthat conpared to
that of the master. The sane observati on nay be nade
with respect to elenents 1306 and 1307 where the
r suL%s oq LN usi'ng frequency conpensation in

e 1309 follow nore closely the
r espofRl® 1dfdisdiesestisd eomparafiver aqctisaciés dfyhe fesporis@aBinghen

SRERet ok 2o BPABE PR 5o ke iy ot e e
draqpencyalineotd 021 ﬂmtramtheﬂémperam and clineq‘! 483 pﬁﬂtl@y[& the mass

] 0 s
SUHLTH 14 QB BA PRI Lo pA St Busies
fireqoercy roritoying ssabmpa@d to the yse ¢fRTD.hK can be sken, use of RTD
R  A heh e  Bs SAERERG o e
as esseatialysconstagt sHowevetthe eipmeante $405, f 40 ranidt 1467 dndidate
BBy blBhe PR VS EAEISO LRt aSt0 W v
tebernent| 14086 the résponpe phsing fiequieoenmoniteiing. 14115 .coreésponds to the
ﬁiﬁémog\{ r{a\%lﬁ% &E ih%‘ m&sﬁelF élgiiehcéDASng tﬁgh ﬂﬁgsc'tshliaﬁgsponse 1405 of the

acli es o re€sponse u
fREyuency nonitoring as conpared to the use of RITD.

Li ne h [ '

por r Mpten iehiobR . ot oy T3NS execults e,

recesSing Irequiredtte implementithe sperationsshiowrnen Ei&iddnsat i on

& dLfintill d1§)y the use of frequency nonitoring as
use of RTD. It can be seen, use of RTD

ver sussshegnendiGnbsinetel electraningi@d snaludesce priotessor 1501 and

rae’,sﬁ'é{“éﬁ' the mass flowrate is essentially
co t. wever, the elenments 1405, 1406, and 1407

i ndi c Brazessami@ot imaysconpgise atdoaventonal CoU Altematively it may
A8 1Bk SO ANl S 036 B Ysimey
aompeise any typeef rMemoryaystern| snohrastflagh emdry oha copeansipnal
TROf SR DB e APl ol
eesisut es the data processing required to inplenment
LS VRGBS B o PR S50 A 29 8 aoles
i tscdutple information @veopath 322 teemdser. Meter electronics 121 receives input .
sighals over path 123 from pickoffs LPO and RPO. These pickoff signals are
shown on FIG. 10 in element 1002. The pickoffs signals are applied from element
1002 to element 1004 which performs the indicated functions and oufputs its
information to element 1008. 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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a nmenory 1502. Processor 1501 may conprise a
conventional CPU. Alternatively it may conprise a
speci al or a general - purpose processor or a DSP

Menory 1502 may 20 conprise any type of nenory

system such as flash nenory or a conventional ROM and
RAfesé Qinclibres %Qiekfﬁﬁnéd‘?gfhﬂﬁﬁérﬁ&y‘ﬁoﬁ ahé tite brﬂE&ssB?’igm of
and short term 'basis ter eleCtronics 121 recelves
|Hﬂ§ﬂ t nf ormati on over path 123 and applies its

out put Meffo?y 7862 &Ad ﬁl\bﬁésééﬂtlgoﬂé’ﬁnétﬁr Slebtfstics ‘Maltﬁ'é also used to
eIectrqucs 121 receives Iﬂé} 25 signal s over

1 PR RSYaEREs campisiationia °“Pﬁ§§B°‘f5“!kaﬁF'G§f g§n§4'é 8,9,12,
arg@ giigonn on FIG 10 in elenent 1002. The pickoffs

signals.a I|e fromel eme 1002 to el ement 10

ahich B tocheiPrenety yndersicd AL i oIS liferviom p apLo pegmited
i nb ﬂ{é’ﬂﬁlsbmt{dncbf%éf rrelal%odﬁ?ﬁ%ﬂi §n 3@(55%@1%‘1334

are | ca as elenent s an

Elf%?Fﬂf“ f&@fo@oﬁﬂ%@@nsmtjﬁ%%ﬁm em’esnyﬁt%mesmwﬂseooncept
elwnmp%cmeeaaﬂdi@hib@%d%adamﬁslh&eé be&edédtibed irfébnnection with

caj i pratjon,  constants. annr 2. and processor 1501

oft fingentiog, i isdoRedindepitoqd fha tF%HB’PF*&ﬂP IngldasArd mapbeon
ctll:éd USRS 'rﬁbﬂﬁlcbf'@s%ftﬂﬁélﬂ&l@éedﬂéqﬁﬁﬁéﬁs érm%@tléﬂﬁlps Also
egﬁge 104 ﬁgp rives the indicated the nass
BImat %qejﬁi?ﬁadﬂui'sss howgjn W%@PUN&%%%"QHF@OW
E?ﬁétﬁ% FeHotid bbhmdsigaeédd thbbthé maétiod BAd apﬁa‘re@s%fthbﬁmerﬁan can
no an rocessor
cIBERE WIBS QO3 Awnatal Sy MRS nclediria e anals aw sty having
congish plabmaDrafbs MpaubeEe shown (0 on FICS 5, 6, 7.
8, 9, 3 and 14. 1t is to be expressly
understood that the clainmed invention is not to be
limted to the description of the preferred
enbodi ment but enconpasses other nodifications and
alterations within the scope and spirit of the
i nventive concept. Wile specific relationships and
equati ons have been described in connection with 10
the invention, it is to be understood that the
i nvention includes and may be practiced using
nodi fications of the disclosed equations and
rel ati onshi ps. Also although the nethod and appar at us
is shown in conjunction with a Coriolis flow neter,
it should be under stood that the nethod and apparat us
of the invention can be used with a Coriolis flow
meter of any type including a Coriolis flow neter
havi ng
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15 nmetal, plastics or glass flow tube(s). 23 CLAIMs:

1. A nmethod for providing thermal conpensation for a
Coriolis flow neter having at |east one flow tube;
said nmethod conprising the steps of 5 generating a
first signal representing Coriolis deflections of said

féﬁ%#_be; generating a second signal representing
c ‘eristics of said flow neter, wherein said

characteristics include the drive frequency F of said

Corioljs fl . I ind ti pe.del

ool R bl et it BB Bk mew

ethaam‘(gl" atrieast oheflow &jbeg saidinlubthdzd sdmprising the stapsafsecond
0..provi ge. t her C n I X .

21 onaicerepullA et SighalioPRlep T CARE} u8ectfe 8 el ow sype:

cl ai mgenefating asesandisigital peprésenting chiaragtetistios rofisaid flow meter,

£ i pcl udi th f: Iy V& 0

AR SREic hradSiatin Mrulos o 4R FvererF eEFR Kebdisua

nmgwr a_sgmi als!agiimtu.lo:diﬁmefderfl]ﬁmamtdsai d seconddsi gnal s

and said c Mass, wra 0 . provi de sa

+ her manaeoiRert By e prpasion of fels elagkpuicf o s 7 saf g and

Teid BeddMAGighialsttb Provide theeTslicompanshtidh &or ciftput signaldiofgaid
20 conpensation includes the steps of: using

t her mal
s ?%oq%iﬂpg’tm%\tﬁﬁ sai d second signals and said calibrated
mass flowrate to derive calibration constants for

sai d rioLjs fl.o er;. and usipng.said cal,lbratio
Sonat it s ThE prettre A el Anste it settesBe frGeing el
s?jmbéﬁ@?u%ﬂ ihemlﬁihgyhgrgbﬂs of 25 4. The mst?oddof any pf
clains 1-3 inc ing the further ste et.erm ni
=t heraea98 & alhured riaps ol iafiter pafade GOl A fustér, and
; | ow mtr@rsaidﬁrst:j@mtseedoﬁd g@ndl_sgma%hm ¢a_maratédf masgiﬂ%w rate to
irst, an econd signal.s an . pbrovision o sai
{RIEF e PR RTaR comesTeation Bl SaR il W et oot or - 30
5. The nethod of claim| including the further steps
of . receivij a third signal representi calibration
Const bt s TR wngd gt Giaim Eihareip RafiCaiag of Siaiding Hhéthna
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.

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 sald 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

24



10

15

20

25

30

24 using said first and said second and said third
signals and said calibration constants to determne a
thermally conpensated flow rate for said Coriolis flow
meter. 5 6. The nethod of claim4 including the
further steps of. determning a drive frequency F

cal | b APPSR BRCyRl EREpeconf i bpA%ty iR and B LG on
f comgtaniclp determinsatherhaliyeanmpensated flow retel fobsaid Coriolis flow
g@ﬁ%t‘ant a.. for zero to derive said thermally

nsated flow rate. 10 7. The nmethod of claim®6
conpensated mass flow rate including further steps

of : derivi ffd ci.ent. : f in aid
ar i ve & reqiin By tRLar R nflghgine pfthlr i 7 00 °
const aleteradhifiga drivebfremprency Bribns said secmwtsignalla. f or

fl to .deri 1 d t . t te.

5. - ThelRRErR SR R, ket R Rcy fr err = epe

of . defsing saii dvivel fRR@BNdY P ENEBSI libdSTRquentsdatibiation constant
for flow and usi ng said drive frequency and said

| #n&drzefn toderive sgiddhennaliy rampaensalgd Joyy rateo zero and

said constant a. for flow and said |inear frequency
(tenp) constant ah, for flowto derive said thermally
conperfsat eTheawdhdd ofwlaimBecompensated massdlowoatedheluding further

V\Qgéﬁej)p said step of deriving said calibration

constants conprises the step of., 25 receiving a nass

fl ow rderieing la doefficient op$ordlowCandol is fl ow neter; and

using said received mass_flow rate mand said second

si gnalusingrsaifbdiive fragiueney i and paig ligearstive Fgguencysopstant o, for

o Y et B e ] N5 Dol gow e

constants conprises the further steps of: receiving
said second signal to derive a flow induced tinme del ay

At and® sai dhe gathas of claindripgiuding the lyethersitera ofs | ow
el evnprtiay qHert ! >Rl
a5 Sk SR/ p Feonsial B pifSoouta oW

]gller | Viugthgsriidldib@! frdjushdyo afid 85t iRésr dvive Srettericyconstant o, for
ow neter.
zero and said constant «, for flow and said linear frequency (temp) constant o,

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 #: from a master Coriolis flow meter; and

using said received mass flow rate r» 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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11. The nmethod of claim 10 wherein said step of
generating said 5 calibration constants conprises the
further steps of. deriving a linear drive frequency
constant aF for a nomnal tinme delay Ato ; and; using
said drive frequency F, and said linear drive

frequency constant aF for. .sai.d nom.nal  ti de] ay, At o
o deriS i fref 9ndan sa B dRAIRE ear Ry ard o b
ofrequency F f6t ddrivin calibeation @onstants ohtait) Catibigflow meter.

constants are: 0,aF,ama F 15 13. The nethod of any
of clains 3-11 wherein said step of deriving said

cal i bret. i 0WhéA@ﬁ&h@dlbﬁclﬁm%MWehE%iﬁt)epob%euﬁéﬁﬂ\%@id he
expression: Ato [:]'. = L.N . )ar 1. ere
Apelleralign enasizat ‘%’{‘1%'5%%?‘5 ””%%P? °]r(1om nal tine del ay

m Mas sadrividly eliticar diivddduenty estistame . for dnommakire delag wis ;

- nom nal zero flow aF Linear Frequency constant for
zapdi 25 aft Coefficient related to FCF a , Linear

frequeng A . , f
cl ai W%M%gp%f ﬁgﬂ%ygt%ﬁﬁwg}gg&@ﬁng nggl g e, for
t B&iE Mhinal ERRRIRAASHD daive shid@aliratien csrspinitses t he

step of solving the expression: At-Ato-(F-FO)aF 1.5

m= [ad, +(F-FO )aw] 5 Were: At Flow induced tine
del ay 12  The method of any of claims 9-11 wherein said calibration constants

are;

AV A

13. The method of any of claims 3-11 wherein said step of deriving said
calibration constants includes the step of solving the expression:

Ay
:: ~pm([l (F-E) 1 m(F-F)] )& 1.10
Gy
Where
At Flow induced time delay
Afg Nominal time delay .
7] Mass Flow Rate
F Drive Frequency
Fo Drive Frequency — nominal zero flow
ap Linear Frequency constant for zero
a, Coefficient refated to FCF
Qs Linear frequency (temp) constant
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Ato Nominal time delay m Mass Flow Rate F Drive

Frequency 10 Fa zero drive frequency aF Linear
Frequency constant for zero amconstant related to
FCF a,;, Linear FCF frequency (tenp) constant 15 15.

Appar atus that provides thermal conpensation for a

Coriolis flow t.er _havj at, L east .one f] ow.tupe:. .
sai o Afpar iR roelHgH AOLH it 8 BREFeIm tojs Pyt péfRnining
gakbheintdlly Tofipersated grab flow pate seniprisgs Berstap ofsolving the
defl ections of said flow tube;, apparatus (1004) that -
JERESEPBs a second signal representing characteristics
20 of said flow nmeter, wheigel(Fs&).characteristics

i ncl ude the drive frmFtW Coriolis flow 15
neter as well as an indu&e irré)d‘é ay At; and
Aéacterized by the provision of neter el ectronics

(121) that_uses said first and said second signals to
provi dt t Hdpwdhdusedtimesiglayon for out put signals of

sai d rigQli . er. 25 16. The apparatus of
cl ai mA%g vﬁé‘#’&aﬁ'@%’gﬁgppar atus that provides thernal
conpemsat i Mass FlowRBs: apparatus (1003) that receives
a cal ngatﬁd NBSS flowrate froma nmaster Coriolis
f1ow fret er”MEhd®I M ¥par at us (1006, 1106) that uses

sai d Fprstzexodrigafregquemepnd signal s and said

cal i brated ,masngl ow rate tqurrovi de said thermal
conpeffeat i JASHJreRUENGY EBPSIRIY 299 o\ meter. 27 17. The

appar ?@gs ﬁnsﬁn?i-éﬁté@td‘ﬁélfe! n said apparatus that

provi thermal conpensation further includes:

appar g.us I(iASEIHICE héduense demp) corfstargt and said second
signals and said 5 calibrated mass flow rate to derive
calibration constants for said Coriolis flow neter,

et T8 ApFarkd 5 pid g i b6l Bt s ow
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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second signals and said calibrated mass flow rate to
provi de said thermal conpensation for said Coriolis
flow meter. 10 18. The apparatus of any of clains
15-17 including apparatus (1106) that determ nes a
thermally conpensated flow rate for said Coriolis flow
nmeter in response to said generation of said first
and second signals and said provision of said thernal

conpendt i o']fhe‘aﬁpafsathgofﬂai'tnﬁm ﬁr_hérleﬁvl \sddﬂfhﬁiaratl@ tﬁa?prﬂt%s

a S cl.ai u er including: apparatus
(%ﬁ%@fﬂﬁ?ﬂgﬁeqsgbgm 95’"5’61'9?% signal representing

cal i br apparatus ¢ t008) st ssed saidfickt Gad s4ibl is8cdrldlyrEm &ifd said
SRR o U S Bl e B B o ot
t@ndeternmine a thermally conpensated flow rate for

said [ O i ter. .20..The a ratus of claim
5" £ ur EORs 31 {08 e Bl epd PaioHHbp G anls s Seic it saic
a seconksignaisjanchsaid Balibrated swxisd ﬂawlcramdo p&?ﬁrﬂé gi@thermal

a : t. derives a linear frequency
C%Pﬁ@?éﬁlgﬁ}%%%qéﬁﬁo"gggw Bete"'Zero; apparatus (1006)

that derives a coefficient a,* for flow apparatus

(L0F) 1S oAl S ek TS o B e
d deteeminee autbermally camgessstet ﬂ%\m ez ) fcﬂhsbidecorfdif ﬂbl\ﬁ][ﬁlliéter in

c ; nd. sai onst ant. a r flow, .
oyl el donefSich, 38R are Bar vafis and said proviegn o
f isaidh thernt compersativreforshid\Cariolipfine aictst, mass  fl ow

rate. 21. The apparatus of claim 17 wherein said

apparatus (1006) that derives 5 said calibration
const atl.s Jdbemppamtus afefemab fertitetGdindgiat recei ves a

appar APE G GpbFingt RPefed § Bulaignal sheesmatios Galbraton
d epnstants of saichCorialisdfime meter; and
apparatus that uses said first and said second and said third signals and
said calibration constants to determine a thermally compensated flow raté 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 o for

zero;
apparatus (10086) that derives a coefficient o, for flow;
apparatus (1006) that derives a linear frequency (temp) constant o, for
flow; and

apparatus (1106) that uses said drive frequency F and said linear drive
frequency constant o for zero and said constant e, for flow and said linear
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time delay At and said drive frequency F of the
Coriolis flow neter; 10 apparatus (1006) that derives

a linear drive frequency constant aF. for a nom na
time delay Ato ; and apparatus (1006) that uses said
drive frequency F, and said linear drive frequency
constant aF. for sald nom nal tine delay Ato and sajd
nieguenicls erm) eonsianttas. Jei floyetoLdgrive eg Y pgppensated mass

8nst nts 15 22. The apparatus of any of clains 17,

"21 wherein said calibration constants are:

At O aF a ,arnF 20 23. The apparatus of any of clains

19 an
o215 o B L AR o a1
sshml-hbrb‘ﬂnn eonstardscamprisé® a. =pf nv([1 (F-F) m

"z (F- F;Ma%k% hoi)gP tr}%lt %\%ﬁégg ,@S%KV/E%&V‘M 6t ‘Eﬁ'ﬂaétéﬂ'@onohs

del ay y ria Mass Fl ow
Dlﬂowenéfenequency Fo Drive Frequency - nom nal zero fI ow

20 D (AP eB8 U Rt iy a8 a fow e
(&lmﬁﬁelmﬂrsh]cﬁdr%:freﬁuenmibaﬂbelﬁ.‘s)rlol‘is ﬂmy/n'teter'cl ai ms
sai d't RRRORRICH 41006 g SR S eEP e atnipt Ginpfit gy 30r o
eXREGEST Hhe d%ieiﬂt?;‘&r'l:d FO ap M. 1.5 [ah+(F-FOa
apparatus (1006) that uses said drive 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.

22.  The apparatus of any of claims 17, 18, and 21 wherein said

calibration constants are;

At ,ap,0, 0

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:
NO
% \=pim((1 (F-E) i #F-E)] )& 1.10
Cywe
Where
At Flow induced time delay
Ao Nominal time delay
b Mass Flow Rate
F Drive Frequency
Fo Drive Frequency — nominal zero flow
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Where: 10 At Flow induced tinme delay Ato Nom nal
tinme delay m Mass Flow Rate F Drive Frequency aF
Li near Frequency constant for zero 15 a. constant
related to FCF a,,, Linear FCF frequency (tenp) -
constant 30

o Linear Frequency constant for zero
o, Coefficient related to FCF
Qi Linear frequency (temp) constant

24, The apparatus of any of claims 18 and 20 wherein said apparatus

(1108) that derives said thermally compensated mass flow rate solves the

expression
) AI_AI'G.-(F_FO')“F
m=

Where:
At Flow induced time delay
Aty Nominal time delay
Mass Flow Rate
F Drive Frequency
ar Linear Frequency constant for zero

a, constant related to FCF

a,r Linear FCF frequency (temp) constant

30
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