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CORI OLI S FLOW METER AND METHOD FOR DETERM NI NG FLOW
CHARACTERI STI CS Background of the Invention 1. Field
wototbhetBhivent i on The present invention rel at eBCT/OSH05/010367
Coriolis flow nmeter and nmethod for determ ning flow
characteristics, and nore particularly, to a Coriolis

fl ow CRORIOBIFFIOVIMETER ARDIVETHOD FORWETERMINING FLOW
characteristics using two_or_nore vibrational

responses. 2. Statene@HARAGEERISHCS  vi brati ng

conduit sensors, such as Coriolis mass flow neters,
typically operate by detecting notion of a vibrating

condui t that contaBagkgrélmsiofghedhesntibn Properties
associated with the material in the conduit, such as

mass flow, density and the |ike, can be determ ned by

1 p,i_’-,gﬁﬁéﬁhggnpgw enent signals received fromnotion
- .

ransduceérs associated with the conduit. The vibration
nodaheopresbat invbntidn rejatesttera @bridlid flew nsstet and method for

enerally are affected by, the conbine ss, stiffness
defarningion chRRCIRTISHFs <ATG o P?Héc%%f?}{» % A %ﬂ%@qw fneter and
m&HSdthfd&%%miﬁé IR AGErSHIE iRy tho oY Phéral vilsiefibRAl S

nass ow neter~includes one or nore conduits that are
responesst ed inline in a pipeline or other transport

system and convey material, e.g., fluids, slurries and
the like, in the system Each conduit may be vi ewed as

2 hgbét&?:eﬁtéfi‘ﬁ)eqbrdb?éﬂ#ra' vi bration nmodes including, for
exanpl e, sinple bending, torsional, radial, and

couplibratingdzanduitrseasorsistah asdeeriglisgnaes How ragters, typically

orBF AR 0B 2158 Pl A LB G Paf S5 B materi
PrbpertiRsidotiated diththé pRatefial iRghe @aAdul, duch@aaidsedion, density
poi nts spaced along the conduit. Excitation is

andythedikel gap bedeieanipgd by riecesaing measyremgnt signals received from

i PSR pE8beEd O R THE B iBer e
visraghy ohateNBEfIdd systeratgenseallyberedsffantad bedhdyombhsad mzgs,
time del ay or. phase differences between notions at

\NE [ the .
stiffhgpe and slampipacharacteristiss Qi dhe cpairiing spaduib angithg sraterial
contllRQl Shediie typically enployed in order to neasure a

A typical Coriolis mass flow meter includes one or more conduits that are
connected inline in a pipeline or other transport system and convey material, e.g.,
fluids, slurries and the like, in the system. Each conduit may be viewed as having a
set of natural vibration modes including, for example, simple bending, torsional,
radial, and coupled modes. In a typical Coriolis mass flow measurement
application, a conduit is excited in one or more vibration modes as a material flows
through the conduit, and motion of the conduit is measured at points spaced along
the conduit. Excitation is typically provided by an actuator, e.g., an
electromechanical device, such as a voice coil-type driver, that perturbs the conduit
in a periodic fashion. Mass flow rate may be determined by measuring time delay
or phase differences between motions at the transducer locations. Two such
transducers (or pickoff sensors) are typically employed in order to measure a
vibrational response of the flow conduit or conduits, and are typically located at
positions upstream and downstream of the actuator. The two pickoff sensors are
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vi brati onal response of the flow conduit or conduits,

and are typically |l ocated at positions upstream and
waolowago4enm of the actuator. The two pickoff SPOBEUSE05/010367

areconnected to electronic instrunmentation by cabling,

such as two independent pairs of wires. The

coredctedrenerictronicrinsteiventafioprtal cabilingstitie ak WRoRhddsdrident pairs
and processes the signals in order to derive a

0 ﬁ‘ggéso 1[ ﬁLBﬁ/"ﬂ%tflé“ﬁ%@%'GP &pesives &95.@?9{ fromdhe dweirickaff sereprs and
prfo'c%éé?ﬂ%é RARM %?d&qgtd&%%m&e%mrq%ggnﬁsdr@ﬁe s

[ ow rat e, enS| tenperature of ow e
f | oW raaginﬁdnab@mdhhenééscﬂmvvrmeiers pmcontmwhangeasmement of

RNt sk o ey .
thbhﬂbvxf hitderTeLiBlveven & iMdrly SraHs ?Io@\f‘cr?éréeferlbﬂcé P}ethe flow

i ndi cat ed densi ty, anong ot her things. Designers o
medbinacan @aeﬂse ramnclease sy wlesreasssindhe asasoloadingomites flow meter,

w neters or densitongter raI. try to .
i BRI WA e HE Bl recinolcr B fe8sitd ahidng Sther ings.
t errplégrghéﬁs W‘\I/lbl%ﬁﬁb%léﬁhéhﬂ%hé&]éé@%ﬂﬁ@é Coriolis mass flow
sensitivity to the viscosity, VOS, shear rate,

msteégmd@nsﬁcnmet&rﬁn@ﬁwahmmée madmize thesensitivityyofitaamass,

dé)r{él U”ég %h%%%ﬁﬁ%ﬁgﬁi?@%g 358 l@?}%@ﬂratq‘eeéry%qultg the viscosity,

VO@; sheapkite, pesag) At ey rvids Humber.afdid ! aftysival prior art
characteristics such as one or nore of the VISCOSIty
flayometshissganakie of 9@%@@%6@6&%}% masspdansity, ansdemperature

bl#tsls ﬂof‘ﬁgﬁablg off.a% r@fél %%éj Ing2id {‘énéﬁm(XF@g néﬁeﬁs{@%auch as

|'ow char ac eI‘IS IOﬂ omass,

orieeopRIcaE Of the ﬁemtyy \MS tdreabobie pesssiing, a:mEReyholds number.
i nventi on fst sol ve the Brobl ens associated with

'&%’?é? &N Qwmatar arrlications g mgasyre piher fenesharacteristics in
ibiPld ﬁjafsgogéﬁﬁygnuﬁeﬁ Bkiigd according to an

odi ment o |nvent e Coriolis flow neter
corrprl ses one or nor8ufmaryofithe 8slutivn| east two
pi ckpff sensors affixed to thﬁ]onebgr nore flow

cond(f1% BresentuFation fefRstRIve the PiRbieap @sprgiatisbwish determining
f|dwgﬁa,fdcgyylsq,ggq,uplatfﬁ)w AHadepret er el ectronics coupled to

he at least two pickoff sensors and to the driver.
The Aéiariolielflowt meterds pravidech ficgondity toca ebmbaidiraenhef the

ngpien | S ERTRls FRumels? Commiesorieiiniee flguionduits, atleast
tvs)@ﬁﬁéktﬁf?sén%ré ?éﬁlﬁécpl'b&hb% or ABRONSR cohB@ntQ Nediler®rffigured to
l'ow conduits, with the first vibrational response
wl@r@ite] the ene pame.ﬂmw conduits, and meter electronics coupled to the at least
two pickoff sensors and to the driver. The meter electronics is configured to vibra2
the one or more flow conduits of the flow meter with a first vibration fréquencmnd
in a first out-of-phase bending mode, measure a first vibrational fesponsc-‘df the
one or more flow conduits, with the first vibrational response being /nerated in
response to the first vibration frequency, vibrate the one or moreilow conduits with
at least a second vibration frequency and in the first out-of-ph:se bending mode,
measure a second vibrational response, with the second vibational response being
generated in response to the second vibration frequency, aid determine at least a
mass flow rate and a viscosity using the first vibrationa'response and the second

vibrational response.
2
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response to the first vibration frequency, vibrate the
one or norpflow conduits with at | east a second

wa Rlweabd48h frequency and in the first out- of - pPCEES2005/010367
bendi ng node, neasure a second vi brational response,
wi th the second vibational response being generated in

r es pomgehddPrdr RIRtSesiAMG fow Eharaeterfsties it aoridlig flow meter is
deternmine at | east a mass flow rate and a viscosity

preMdedacerrding to an epadimant eidheriaveniian. t Hee et cdmprises
V'%@@éb% :&? g@érng%%ﬁgn@gf?éﬂﬂg f{oI on‘%@ére\hﬁh Qi gt wbpégfgg frequency

riolis W neter i's provi
anddf @rfﬂsn@utt@f-mwbmhhng mods ahdheneasueinyi afirst Vibeational response

T B o LS T 5o YRRy e
re#ﬂbr%eftbrtﬁé fi twl?tfa’uBH?%%nl%ﬁE?' ‘T‘é\e'Tﬁgﬁioarfgrtﬂglaé%r)ﬂgeéwbratmg

I st I onal res se of the one or nore _
the ond wir nsoreTivav tonduits/with at ieashh seespdndteration fregeeacyand in the

fir#&tﬁ%ipﬁgggﬁt&%dwdé%%: AP S NG & SeEobRa Ty AtigRs gesponse.
Tl';elré?é’&oﬁaﬂ%i‘ah Bhsé z??éneﬂaﬁs%clﬁﬂﬁsybﬁéélfd i second vibration

equency an Int e fi out - of - phase bendi ng node
frmmnnyaaihe.mgtr@dg‘adbaucmprlaes detgirminisg & deast arpass flow rate

ané Vhgodbiofire 1By TChRR R el S URl el PR RRE R the

se@gﬁ@wibﬁgﬁorﬁtrggmﬁg@g at least a mass flow rate and a
viscosity of the flow mediumusing the first

vi brAaCoonks flawsp@teg@oﬁn@re Reodist forcrsieBnmingfiew characteristics in
sqf
= CEPRPI e B 4 P i B i B BRI B [ifertion. The

sofflafé prédut @bhﬁh&e@@@d&ﬁtrm goftwade configuteddotdirett & Ipeocessmg
i nvention. The software product conprises a cQ

systs fvibraterangor ewre ﬂow Gaselity op thsr Hawiregtes thl"'e@w? Ik vibration
freﬁ%@%‘%pﬁr]ﬁ aolrrsgB{lfoif bﬁ#ecﬁ’é]‘?dihé?néﬁue W§a§4r8‘% fifet Gbrational

rst vi Ion Trequenc

regpdnsy ofthashdoendhiong flnwctmnduﬁasunth?tma finst sibramdrraitrespmise being
response of the one qr mre zrw conduits, with t

GAEr31EdVR BRERGNSeAO th@éﬁ%tﬁ%raiiev &%}@H%Y afiate the %@% Srewre flow
cotn‘EIu tQ?YIIfh' dt3ka é’%é‘éélﬁ”ﬁlﬁf&ﬁﬂ)ﬂ%en‘% @ thE8§ir Rt H-phase
ut t eas econ

Oow con S Wt vi bration

bérfomgmmdye areasiune amcbndsmbratld)naifrespmm wéthdihegsevodd, vibrational
measure a second vi.brational ﬁspo secon

respeRsh PeingIgSNELAEAIR resr ol edeier 56 88"‘# H\Hrgg%ﬂggu?%cy, and
dét@ﬁnﬁ%%ﬁné’aéf'abﬁw%%é AW 185 HRA DYe GHHOREAGN BhBRCridtRaYUsing the

a nass flow rate and one or nore flow characteristics

firssvibgational fespsnse ianddhe seadnd eippaticral sesparse. sEwaeftware

proldgcr:tafturtﬂer corrn%% of %estorg&% ssils{erﬁ'\@l"rnaﬁ stores the control software.

ASPECTS

In one aspect, the determining further comprises determining a density.

In another aspect, the determining further comprises determining a shear
rate. ﬂ

In yet another aspect, the determining further comprises determining a
Reynolds number.

In yet another aspect, the determining further comprises determining a
velocity of sound (VOS).
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product further conprises a storage systemthat stores

the control software. ASPECTS In one aspect, the
walewenod4gi ng further conprises determ ning a dROEUE3005/010367

In anot her aspect, the determ ning further conprises

determining a shear rate. In yet another aspect, the

det én yehanothEonaspect, tengeiesmininig furtherompriseRajetetnining a

nunber. I n yet another aspect, the determ ning further
PreSifi ses deternmining a velocity of sound (VOS).In yet

anotih gt aaeMet aspb&, RS GEBOSIYEOPIddes KiRMMASASCosity.
determning a pressure. In yet another aspect, the

vi sdayet aneibepaspedt, thexvigeesityi GonpEeassa dynamic yiseosity.

anot her h | SGAS ' . nam

o1 s A5t IOFE 5bS, e EBrAG SR8 RARprBe SITAGHG between the
firdtwibfation FRAENBE AH AP isegohe hikeation freqhibhey. Vi brati on

frequency and tﬁe second vi bration frequency. In ¥_et

anotiR¥et asplbet asped, theyyikiating utthenepmposps sybstantially

SRHBRIEAE b e G P 1o A= I, RS B

frddquensp anddhe isetend eibratiem freqagncy.n yet anot her aspect,

the vibrati n% further co risefsﬂgwee i ng between the

i r 4 vet Bpeih 5ﬁspecetqmwgpa_&m URBSE EeRHST? BIVREPBIY between the
. r «
R B P S D B b BT e prdbiorminec
swidep tirme@ediodi brati on frequency are substantially

of - An¢ELABOIET ABpEcl INRTSC RSN IPRUSTEY 20 i setond doration
. B .
reRfRAEY aré Eﬁlbfl’cﬁﬁf@h/ap il SyfeROiltVel I OB & uridimental

tanti a ow conduits. Description of
freuenty aiMheyené-bGmareiflomusomdititss a Coriolis fl ow neter

O 8k Aok 88 R oS E PR, RO commiaton
sub8taiafyreRsh P fIGE cbRQuiteivent i on.
Description of the Drawings

FIG. 1 illustrates a Coriolis flow meter comprising a flow meter assembly and
meter electronics.

FIG. 2 shows meter electronics according to an embodiment of the invention.

FIG. 3 is a flowchart of a method for determining flow characteristics in a
Coriolis flow meter according to an embodiment of the invention.

FIG. 4A shows magnitude response characteristics for three different values
of the damping factor ¢, while FIG. 4B shows the corresponding phase response
characteristics.

FIG. 5 shows a feedback loop for controlling a vibration frequency applied to
the flow meter assembly.

Detailed Description of the Invention

FIGS. 1-5 and the following description depict specific examples to teach
those skilled in the art how to make and use the best mode of the invention. For
the purpose of teaching inventive principles, some conventional aspects have been
simplified or omitted. Those skilled in the art will appreciate variations from these

examples that fall within the scope of the invention. Those skilled in the art will
4
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FIG 3 is a flowhart of a nmethod for determ ning flow

characteristics in a Coriolis flow neter according to
w@rooerbads nent of the invention. FIG 4A showsPCT/US2005/010367

magni t ude response characteristics for three different

val ues of the danping factor V, while FIG 4B shows
appresiaterthaktherfentujep Aaseribadsbelevecambe gombined incyariqusavays to

orfy Be oL RORESH s Pl R oA BB LB T R 2 et
thédepsdifipekamptds déscribeddriownb &y by-the afemishad their equivalents.
foll ow ng description d? i ct sgem fic exanples to
t

t eafCt hollustiates pLPTHISHTIW HECT GPIPIIRHIeA HAw rster @ggembly
1026%F mERde19EtrdMEs DBY fbdeP %feecgt%hiés@o RUSHRRR 1 tq meter assembly

teaching 1nventrve princi , SOme conventlon
10asdp eads TR0/ peeitdesdensiiyf medsdovorate} ealumEenfise ratlej tdtalized

mash 3 it PR R o BEUB EEERLB | Tor s on
Thogo\§ IhdtbPdssdmbliet @Hcld@és'é‘l@ﬂig;b‘fnjgiﬁﬁg%é HoY dnlde101', manifolds

features descri bed bel ow can be i n various
102esl 102'f drivermd4;, ipitkeofi senserisclds-995't And flowesariduits 1ASA and

1038, i s Bk it Sehecta D5 e B8 S Sobingr Rl TG e conctits
10BR&Ard ¢asmval ents. FIG 1 illustrates a Coriolis flow

meter 5 cogg)ri Si rl\%ta flow neter asserrblg 10 and neter
el ettangesctObend Wbtlearecaifxed tnmanifpils 102 anddo6dMiasifolds 102

il R afRae o tpabafie SRS Fives”I & oPb3Ge flElafgips the

sphEifigetiveeR mamifbl@s NeR anaf 12Ted bvedy ahdesitdd vibratfdrevin flow
meter assenbly 10 includes a pair of flanges 101 and

condyits 1@3fiamg| Hy3B.0¥Vhanflaw meter pssemblyol) isgnekred into a pipeline

. ' f ifs .

oy B 10 o) ot PR B4R ind PR G 13l enters flow

metenassarablyt 10 fhrougle fladge 1161 1035 exnttrduiiiBinidtinaadifsd 102 where
and 101' are affixed to manifolds 102 an

thiAFMaYT Lo aIRIEL blasted ¢ ANTES dIovoCasis: (05 Asaed 1685, flows
SR SO FREAEIA 400 DI Bk o SEREL ARG KB v
exite ridtenassmmhiyt 1) Ho84grafiand®3B1’. When fl ow net er

ho R RGNS AP 3R et Frothate poBr LRy ARRERGAY Mounted to
Bl R385 cLUBHERG0 R R0 o e Y866 came
mass distribution, moments of inertia, and elastic modules about bending axes
W--W and W'--W' respectively. The flow conduits extend outwardly from the
manifolds in an essentially parallel fashion.

Flow conduits 103A-B are driven by driver 104 in opposite directions about
their respective bending axes W and W' and at what is termed the first out-of-phase
bending mode of the flow meter. Driver 104 may comprise one of many well known
arrangements, such as a magnet mounted to flow conduit 103A and an opposing
coil mounted to flow conduit 103B. An alternating current is passed through the
opposing coil to cause both conduits to oscillate. A suitable drive signal is applied
by meter electronics 20, via lead 110 to driver 104.

Meter electronics 20 transmits sensor signals on leads 111 and 111,

respectively. Meter electronics 20 produces a drive signal on lead 110 which
5
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the total amount of material is directed to enter flow
conduits 103A and 103B, flows through flow conduits
wae®sienss 103B and back into outlet manifol d 1P@I/USTves/€10367
it exits neter assenbly 10 through flange 101'. Fl ow
conduits 103A and 103B are sel ected and appropriately

cansas tiddert ?4 v GQ(E‘)IIWBI ffow F?ﬂdlﬂthsamm ahd et 3B it relddidnics 20
SO as to ave subst tla e Sa SS '
pracasEs It ABH Nigb NBlncdy Sronae roimubi okt Saneers d0Gadi 105 in order

o B3RP SARSnRTE Y P BANAGSBR S S B Pians ta
allewsenehealelqctrpmml 2@lo _frﬂerrﬁamwnﬁlammpmatbn {Theldssriptian of FIG. 1
s iuidet BbsElY AR SRRl SEREDARTaliYT O & ciPriol dil meter and is
not fHtgkded ’ft?llrf'ﬂtrtﬁé t&ABHiRg opﬂﬁsﬁeﬁéﬁﬁhvgnmﬁje of the flow

meter. Driver 104 may conprise one of many well known
ar r dmge geows m@tm electsonieg) A acroiding tb an enlndinent of the

me8§ n Ahe e R ER PP JAPHIES H sl BB ielaoe 201, 2

glwgyscteml 20D amé etd18gé s?sx@elruzos Theqsiobbaih§ sydtem 202 is
SU|tab e drive sig is appli by nmeter el ectronics

cogpledvtpathe@Qmmqmcatjomnt@éacq@m Met er el ectronics 20

- et S0 TRl iR aRe 2 tles fomRlihicdtbg, hepwoen the

meéteg ewctr@mdsmaﬂd@anam@\m Thie ¢emmWicatioromterfacy 201
flow conduits 103A and 103B. Meter electronics 20
enﬁblﬁ%@@émﬁt%\oﬂ %fr?d’n'r‘ﬁ’lgtﬁﬁ flowy ‘éi”@rﬁ‘}teé'ﬁﬁ%%t%am extarnal device via the

mgé ?Tf%wéﬁgfﬁ%ﬂ 353{3% %%ﬂ inOnd! %é’ﬂ&‘ﬁfméfér%%egmgﬁi’o(wa the

rovi es an

leads POQ ofEHBIST), hahoaitémwgsdmc@br devgices (JVla(tBe Dath 26 of FIG. 1), or
interface with a erator. The de cription of FIG 1
any nanigs/ Qfét?en&é?téﬁé‘cggr&ﬁ”@&wf@'b ey E’E@r%mraﬁn@ﬁtlan

mtgﬁéb biog écr{‘a‘B‘(%éTﬂéerrecélrgﬁ of ﬁoﬂ%eésrﬂréﬁ%é‘?s E’BnLih'é' flow Pr‘?eter

eac I'ng O e present Invention. ows neter
aseembly thiover @ laadsri@0ndrteocanmeamizadiondnteriaicet2td can be capable

o B3 A LS ot TG B s . T

int8Adcé 28LAnAsIfasiy ThRTMdNiBatid Syl @@Z]?g@%f%&’éﬁ% ﬁaﬂﬁ digital data

coupled to the communication inte
netwonkaniGensesuently dhe anetep elecioainise2d cmmnmmmicaiheszvith remote
n the neter el.e ext e{enal devi c

b
oy AT B Bhe TGP TaRe b Beuftas) B Remicy ripia. andior

re@bteasadt ed flow characteristics to an external device
via_the
The processing system 202 conducts operations of the meter electronics 20

and processes flow measurements from the flow meter assembly 10. The
processing system 202 executes a processing routine 210 and processes the flow
measurements in order to produce one or more flow characteristics. The
processing system 202 can comprise a general purpose computer, a
microprocessing system, a logic circuit, or some other general purpose or
customized processing device. The processing system 202 can be distributed
among multiple processing devices. The processing system 202 can include any
manner of integral or independent electronic storage medium, such as the storage
system 203. Alternatively, the storage system 203 can comprise an independent

electronic storage medium in communication with the processing system 202.
6
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path 26. The external devices can include the flow

nmeter assenbly 10 (via the |eads 100 of FIG 1), a
woremwstionshg devi ce or devices (via the path 26PCF/UF10@/010367

1), or any manner of user interface or comunication

devi ce. The conmunication interface 201 enables the

r ecel g stofrage ewstamagm eapstereffloynmmeier farametetseand data, software

semb| Oov t he ' . Th comTuictio
roffiper ety ¥aias. gidoBiRRIHpesnf HERRED SRR the storage
syelefi R0Bheludesthe élfoce%%mg foRlting 2 10GRELIRISRICUAH by e processing
exanpl e. The interface can enabl e conmuni cation

systarn 202 efhwoslerage s¥siemmaAl stores yariablegasadrieoperate.the flow
mERTRSRTRL Y0, TS BFlle SBANRR FrR e PARARR G R riles

suttvasca Sirstribration fregoieyicy2dil pat least @ secomdtibratict Seqlditcy 212, a
processi ng system 202 conducts operations of the neter
f"é’!‘é@fartl@ﬁﬁ @S@Qnﬁﬂg r6<§@§§@§ viragienal despenaen? 4 fansha sweep time

1 w et er assenbly 10. The processing system 202

péer!g)gjc% 5;3 a processing routine 210 and processes the

fl ol meamna@reystem 20® stres baeprooresfiow eharactexistict lobtained
a ter| stics. ocessi ng syst 202 can
B e 108 TSRy e o BRI 203N ans pabedinany stores
flow %ﬁ&@c’t&lﬁn@g stick 'a%“éjh{assgfom?l%{i@ ZQDh§ rdegl‘%ﬁg hah. Q%’Ré?ﬁ@tlc

or custom zed processing device. The processing syst
vnmnyzﬁi%e djinsmic Ivlaoedltmﬂﬁaga sheai mte ZQAQaéﬁesynmﬂs number 225, a

Ve SnaT VRIS, AT A RN et or AR Tep R 2. I

sHERA BEunlefdtoss tﬁeﬁfbtﬁépﬂé\ﬂ%héb’a&&@r‘&%@%an%l&@b@%étéﬁh%ed and
the storage system 203 can conpri se an | ndependent

regbesteck; sucia astiemageatitalnndior presswneyfot examwples t h t he
pro Si st e .The_stora ystem 203 .can, st ore
P o e rBibs Pk 22015 Am el R Bt (T e s FERE LT 06 the flow
mefitdsdBinbal 0.6 Theaithsit 223k ehey abH&ify of thedI¥v material in the flow
enbodi ment, the storage system 203 includes the

mﬁ’f&ﬁ@é§§mb@/ﬂ@utl ne 210 that is executed by the

P ar | et FEHEE Eihe Mfined 8 BIRSRIGHEVARE g ghear or
flol earrel ierageasiss ehthdQitiHesiveeoshedbriopeattisyt ofthe fluid. This
variabl es such as a first vibration fre uency 2 11, at

repistaiiceds sagsed byiimesmplasulardistien exerted wher a rf'§9et fiuid layer
atf’érpﬁl@ttb %ﬂ% E‘é@’ﬁgﬁﬁgr b la rc’eﬁ %Bjas\(fr%%é{ Bﬁlﬁ'nle viscous Jroperty of

sweep | er1 od
a ﬂwﬂnemegﬁé%bletnmb@erdoanopeny)des@h(amdw}a#raté edquiphiers for pumping,

mggéﬁrlmng(?%r otherwise handling a fluid.

The kinematic viscosity 222 can be defined as a ratio of dynamic viscosity to
the density. The kinematic viscosity 222 can be calculated from the dynamic
viscosity 223 and the density 221. The dynamic viscosity 223 can be defined as a
tangential force per unit area required to move one horizontal plane with respect to
the other at a unit velocity when maintained a unit distance apart by the fluid.

The shear rate 224 can be defined as the rate of change of velocity at which
one layer of fluid passes over another fluid layer.

The Reynolds number 225 can be defined as a measure of the importance

of inertia to viscosity effects. At high Reynolds numbers, a flow may become
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fromthe flow neasurenents. The storage system 203 in
one enbodi nent stores flow characteristics such as a
wore®s/164485v rat e 220, a density 221 , a ki nematPCT/US2005/010367
viscosity 222, a dynami c viscosity 223, a shear rate
224, a Reynol ds nunber 225, a velocity of sound (VOS)
turB@ient, andhilsiting onaktatively different bealior thaheahée eantd liqid at a low
It shoul d be understood that other flow
ReyRaldgdipbek i cs can al so be deternined and recorded,

SUCﬁ*hgws @gg%%Péaéfoegoeﬁ&%weeﬁnow MedtdTPTiRe VO®226 can
at e | ow

mass Tlowr S a neasurenent of the nass f o
chamgewith dhamgek dvtheeflew rasdisnb lcanidhangrevitredsangeslip density in

t densi t f the flow.jgaterial .in the flow net
the S RRJUTH o 9REEGENES VI S ATAHedNdh COmRABHcHeel Bg igw
méﬁﬁhﬁ&}@@ lethe fluid to shear or flow, and is a

measure of the adhesive/cohesive properties of the
f | uiTte damgingdacter 28¢ eandedefinell By aimeasyurel afhavadamped the

vingar B THeLAGY piiimG A Bbya e Rt ind s aBpp27 in be
deflh&E 84S MRABEFd of 1Ak Visddsity &f tise flewimedium.i n order to

properly design and operate equi ﬁmant for punpj ng2 .
nmead hiei prgcessing sistem 262 pxpaviEsdha Procasgingrpatine 210 in order to

i nemat,i ¢ Vi ' Aef i . [, @ -Qf
el 1< plie SRR S R ARIIREE THE ArBSedbiiqld Rin 210, when
exstsed Dy thedidcessing eysteht 202t ashfiguess theeprdgessing system 202 to
_viscosity 223 and the density 221 . Ther§ nam c . N
vibjateceng of mere flewrcasd %Féﬂi%%fyta@ flow miedRy, %&ﬁ the figgt vifyation
' ' t [ t I i

frelbhe? P71 FrERSLIsF e Mt Blfathgl HRpLARR A & tRe rtldrimore flow
conauifg 408 ewitla thenfitst dibsatioree reg@ortsel313 beinlgengratédedn response to

the B uitrglian FaANEROLAL! IS 1S P16 PG matedol GUaurts 10% with at
|ea3>‘£%t gnbgzrgnfdl \Hbr%tibmﬁ%rqueﬁw gﬁg}’ﬁf@a‘éﬁré‘é @@%?3 ?Ifbr&ﬁ'éh&?%sponse

as a neasure o I mportance of inertia
214 sithghé peebhe vibsatiohal heggorRey2itt bisingweverateddn frésponse to the

seiphd UiFERIoTbERAURERY 2 Horancueteilicd Ryged e Fades fpw rate 220 and
a \ﬁeﬁé/d’sﬁ’#y%? the E_BW mediitn MSRgARE first ﬁ%tiéﬁﬁlﬁ@s?bn&?ﬂmg and the
t he [ VOS5™226 h

ow nmedi um The can change w changes
second hibralioval respanse 2h(ssledni§e 3) t h changes in density

1 D e RS 2 R 9 LRl ey 212 can
comprise any desired frequencies. In one embodiment, the first vibration frequency
211 and the second vibration frequency 212 are substantially equally spaced above
and below a fundamental frequency of the flow meter assembly 10. However, other
frequencies can be employed, depending on the flow medium and the ambient
environment.

In one embodiment, the processing routine 210 can jump between the first
vibration frequency 211 and the second vibration frequency 212. In an alternate
embodiment, the processing routine 210 can substantially simultaneously vibrate
the one or more flow conduits 103 with the first vibration frequency and the second
vibration frequency. In yet another alternate embodiment, the processing routine

210 can sweep the vibration of the driver 104 between the first vibration frequency
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The danping factor 227 can be defined as a neasure of
how danped the vibration is by the flow nedium

wQ@\doenoass vel y, the danping factor 227 can be PEf/Usm®d5/010367
as a neasure of the viscosity of the flow nedium The
processi ng system 202 executes the processing routine

213 14hd thewetondtvibetibn rfraqment:tnémnwhereimbln@ attuavdrive frequency is

A i B & SR RS S gy 1.
Pr OgEShnY &3 )6?/#&1’%1@@@0 bPaYﬁé’chB&l %Iod‘l@teﬂhl flolv! Mracteristics in a
condurts 1

e flow neter w th irst
Caridliis dipivometeres) asomylirg tlan mdmelnfh@‘ thems\tention In step 301, the
br at | 1 , '
flofia rbaarys I Sviged with 06 st a Bl Mefushii 21 pgd in a fist

ouRRFRHasE B@hatr%dmbaertgﬁmermﬁet 904 haHel first vibidtlont fréduency 211 can

frequenc brate the one or nore flow conduits
bemmndamemtal vibratiordfrequaney ofitihe Bewdneter @ssembly 28201 can be a

freEieni S0Py B Bty WAL AR TRRR Ey Cor e i
respeREs) 802 the fﬁ@p\ﬂbﬁéchbrr@%Fcnsé Qeawmeasmé?d Thd
determ ne at least the mass flow rate 220 _an

measierieny cemptrﬁ@sfre@ﬁiwﬁ@cﬁlgnﬁl%ﬁpﬁgth%@cmff§t105 and using the

oA Sl SRR R B SRR Lo 105
THe fagtieibeatichal tespuhskl e Sie gemeratel rtq/tﬂherﬂow arpiemassePildly 10 in

can conprise any desired fre nci es one . .
respeysd iedhe, firshbratiogtTagushgy 2 gemﬁaf@ﬁ@gy Hhexdriven d Ofine

S ec qﬁ @té/ 8H3t fh%r\‘ dvi ﬁf@f@(‘&%sgﬂ@my A08s %ﬁf&i‘ﬂvltﬁ' | 8cond vibration

paced a ove and a fundanmental frequency
freq‘uehby 2ﬁ|2ca/mdmtthe fastscemhjfaphh@e kemaingemodetlhethe driver 104. The

seeti VibTalien fRausHeY 24e CampE A aaaceney AL UiaihP distvibration
fréc{‘l%rngy 9985 9h e SbbAgnent Othedirsi AWP sEES VP Bt frédidncies 211

ion frequency 211 and the second vi bration
arfd 2tRierecsuletantially equadlytspanad abend @tidraiow a fumdamental

b
rERDEY 2 BiR Y T0PEr ZE0eRl T0ioPMEYSR A9 was Prgriausly oted, the
f.ré%d%éébmbfatr&ifraq@rﬁtésozw BAd %Q%érﬁé&n?h@e 8A¢ dedired

vi bration frequency. In yet another alterna
frerdendiasent, t he processing routine 210 can sweep the

V|brat|on f the driver_ 104 t . f '

Vi prlBgh 3P dentos Vet PSRRI hbdsyreg. The second
vibraBBHENEYp8Acs 21088 geRelali®d BY thfloWmeter bssamdRCcyO irfresponse

st epped betvveen the two frequencies according to the

todhe spcendreibsationtreauency? 12 generated by he HEver B of a
et qﬂdsté 508 Sfr ITLEL Adw rafVa il BHRG oMW &harattdridtifs are determined

by the meter electronics 20 from the first and second vibrational responses 213 and
214. By collecting two or more vibrational responses, the meter electronics 20 can
determine many flow characteristics. The flow characteristics can include the
density 221, the kinematic viscosity 222, the dynamic viscosity 223, the shear rate
224, the Reynolds number 225, the VOS 226, and the damping factor 227 of the
flow material in the flow meter assembly 10.

The vibrating structure of a Coriolis flow meter 5 can be described as a

single degree of freedom resonator that obeys the differential equation:
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Coriolis flow neter 5 according to an enbodi nent of

the invention. In step 301 , the flow tube apparatus
waosaom8Prated with the first vibration frequeeiysS®o3di0367

and in a first out-of-phase bending node by the driver

104. The first vibration freguency 2 11 can be a

f uncthetitt a2 cdiciotd) + aof- H( quehcAcas(wbhe fl ow net er (1)

assenbly 10, or can be a frequency above or bel ow t he

wiigrednarighe hahd eftleespreserits she poARdlizedesdilldtsty forcing function and
vi brational response 213 is neasured. The measurenent

S lsdhpdaeying &Py HgreixgaAnsinslesiananyisiiou tulre dispseriant and

thf 3o LRBL BRI TN BisttRl nd e ORISR o e

diypllacah'ennaespaﬁivemse 213 is generated by the flow
neter assenbly 10 in regﬁﬁnse to the first vibration
freqUth 9Q‘29'1q}’ '$ERENEE & ?SY?F@”H'Islg}L@n B4. In step

303, the flow neter assenbly 10 is vibrated with a

sec J_r 2 and in the first

out Ctlgg’uphgse bewdﬁggﬁg%g%é& the driver 104. The 2)
second vi bration frequency 212 can be any frequency

withatmagnifirle freBpohse of: Vvibration frequency 2 11. In one
enbodi nent, the first and second vibration frequencies

2 11 and 212 are substantlally equal | y spaced above

and |Béwiiv=al f ([ dafoeiedil’ I” fr2queme)2)of the flow neter (3)
assenbly 10. However, as was previously noted, the

fjr d second vihration frequencies 2 11 and 212
wﬁgwﬁééﬁ%Q¥%ﬁﬁﬁ9nﬂ%??Péd frequencies. In step 304, a
second vi brati onal response 214 is neasured. The

secqgﬁ%);/j.tgéretsggl?%} /rqg 214 is generated by the (4)

flow er as sponse to the second
vi bration frequency 212 gener ated by the driver 104.

In stiep 4$0§10W§1ma@ﬁ&dé|r@§bdrﬁeecmdct@h5ﬁé cﬁh@\é/for three different
characteristics are determ_ned by

valyescohaidanpiog facter chwhile Fi&. 4B @hewédha tkyre@r%&rreﬁmndmg phase

reb5 R SaREsRE UL AR e SRLL BENENGeNO BB actors of ¢ =

Ional responses, er e ront cs

0.08t e=10. heanthgy= DI 2aWT hbfae] #rcastbecseentfront ’dl‘@vgraph that the
characteristics can include the densjty 221

dRBRFET G o30S sgTaRtEd rRNd PR TONheHaseans magnitude of

tl Joral b hsesive AE LR M SRoeRES e LS 1P

in tTe puwdféh@resmrmm susit@inedhoscillationtis ogpisted ot iheeguality
of %Oqg gfflow meter 5 can be described as a
factor Q, which is defined as:

= |G(w)|max , ()

where the quality factor Q is equivalent to the damping factor ¢.

For lightly damped systems (i.e., where ¢ << 1), it can be shown that:
Q=1/2¢=wn/ (W2 — W) (6)

where w1 and w; are the half power points at which an amplitude response for the

flow meter assembly 10 falls to a value of (Q / V(2)). The quantity:

Aw = w3 - Wy (7)
10
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singl e degree of freedomresonator that obeys the

differential equation:dx2/dt2 + 2vdx/dt(t) + w2 n x(t)
WE2MB/ 1488 0s(W ) (1) where the right hand si deCT/US2005/010367

represents the normalized oscillatory forcing function

and V is the danping factor. Here, x is an

i nst ant aneous fl ow tube di spl acenent and the terns

is é1§6 tthoafchene F1HB rmrriviidihséf tasdyseeenots telt generally the point of
derivatives of the displacenent, respectively. The

MapGraYIiRSPONse phrs V6N BYii s systemis given by: Gw) =
1/ (1- (vv/vvn)2 +J2 Vww) (2) with a magnitude

response |2 =1/ 1- (w 2] 2 2V

w 7) e g)“ r@thh a phase(Eespogse\Ag)o%: ;(\(/v) = (8)

tan-12vwwn / (1-( wwn)2) (4) FIG 4A shows nmagnitude
indi gﬁg H@hégﬁﬁﬁmﬁééﬁorﬁ‘é& M6 DcEs ét@ﬁé&@%ﬁégﬂbﬁ;@? than the

va anpi ng factor V, while FI shows
undhmpedrr@unabfreqspmwwg phase response characteristic

cur ‘f%g d{?%i%g%%gséhb}j \?Sf 2 @&ﬁ?ﬁgﬁﬁ%ﬁﬂﬁé ﬁé&ﬁa%or\éhs mass

roﬁﬁﬁBté‘rWWtr@@tl;@él@éﬂhb%cﬂT@ sttty EacteraQoIThé are Yiecous the
correlated to ‘and derived fromthe phase and magnitude

floormetlisinyi the amorerdamped fumsysiedy dndged) thgdynaiyc viscosity v of the

freqyenci f the resonator's
f'%’d??ﬁ aﬁgﬁﬁ Hﬁgﬁygé [ sagap %":‘éé[é&ib&'the qual ity

factor Q which is defined .as: Q= |Qw |mx (5)

wheige=t)lg fypl ity factor Qis equivalent to the (9)

danpi ng factor V. For lightly danped systens {i.

where V" 1), it can be shown that: Q" 1/ 2Vu)n/
wr\(etneKv-ls o prbp()l@))najﬁgroe)nstant&lmt isivided by éheraifareowet of the

sBe ¥, Frut e TR b (57 BRR5 R 68 rblinbleh Y emeasure
O oy o o 1 0, g
dynamfmmsnumyr\eaﬁﬂﬁ@@pmoﬂaie galibiation;

There are a number of methods that can be used to determine the quality
factor Q. A first method measures the quality factor Q directly as defined by
equation (5) by measuring the peak amplitude [G(w)|max. To do this, the flow meter
assembly 10 can be driven open loop through a continuum of drive frequencies
encompassing wp. This is done while maintaining the drive power constant, as a
means of normalization. The difficulty with this approach is that it requires some
type of absolute amplitude response calibration, which can be noisy and inaccurate
and does not account for the variability of pickoff efficiency.

A second method drives the flow conduit or conduits to their nominal
displacement amplitude and periodically disengages the driving force while
monitoring the oscillation’s amplitude decay. The time taken for the amplitude to
decrease to 0.707 of its peak value will provide an alternate measure of the quality
factor Q. The difficulties encountered with this method stem from the discontinuous
nature of the driving function, which will instantaneously and periodically perturb the

quality of the mass flow rate measurement.

11



10

15

20

25

30

w = wnV (1 - 2V2) (8) indicating that the maxi num
response w0 occurs at a frequency |ower than the

wopeaipass nat ural frequency wn. The dynam ¢ vi BECDER1095/010367
(v) of a flow nedium passing through a Coriolis mass
flow nmeter will directly alter the structure's quality
f actAthid mEtkodmreasuress thesquality factey Qeditheflowhaetan |assembly 10

ed. th d he d
oy Ui Tl asPRE D ta s oA SR At B it adints wr and
wPAnd & thdPoint ¥ Mbax(rﬁoxmw'é@g@né@wos m@rscm%ﬁrz%@é 'ab)éroach

constant that is divided by the square root of

begayee dhe guality factor i igialit depansient oprdhe sapchanicad @a@n@‘ges of the

t t
rep8ifathl, il Bt cepb RN e SBiRED S 7SR Oy on the
efficiehey bh&n@bmlamﬁe 1055 Chisa tiffioultyafbitrethi@appizichds éhat when the flow
calibration., There are_a nunber of nethods that can be

meftes assemit &0 is pwitehed fom ors freguensy o another GuchdsHsem w1 to
wfPARUER nﬁé‘gg ggeérhb fmms%@sﬁuea Eatarpa B %%fd @%8 i@¥%ettle back

guation ur|n
mﬂonw(staﬂite Id!glmbl Duririgethid smﬁtlmgtpmncms a rpinb@es’lsﬂmftamdmn (viscosity,

el A TSR IBL SFA e oSt oG Maaspsament awalty can be

he drive power const ant, as a neans of
s%bﬁgadéyrtﬁ?%% The difficulty with this approach is

t hatThet mweqtlom psowdmﬁaatsgabetanmah)bsommnwmrqnd tnckempromised
ion, n be noi

m onse c h% }/(\)ln E?g q
?ﬂ Of ah pash nass fiovktats n%'téfr af‘ﬂ S\?Q?I %bility of
pi chﬂqtaf 5edHdviid §16ddbaAtKIBEH R éﬁﬁthﬂlﬂwgdé wmt.émﬁeabéw&y applied to

conduit or conduits to their nom nal spl acenen

thalﬂpWi metay aaserrﬂﬂy 16diTdwe @dba@eh@@m mhkyderthe@tglolls sensor

505005 0% PRl Sl a hebP S ik Rl B Halog B converter
502, EWar@ioQg-t@dl@ﬁf@k (AF) ¥ nvetter POD\Aritea @ﬁaaéts@hgaﬂ 504. In

neasur e the quality factor Q The difficulties
openatinmtiae @@aﬁpﬁhlﬁaﬁﬁéﬂra&n%at%taedfgﬂamhl\taq@gnal that is converted to

DL BN 1 3o IAied I ol sfor s00. he

picko slgualcrﬁutbbﬂsrméﬂdéﬂ QuthieuAED BB3S Wihiohedibitidet thé @nalog pickoff
nmet hod neasures the quality factor_Q of the flow neter

sighad angRrovidesyt tgrtheinhgsesdiftar & 1nethe phase aensoria4 compares
ngYRFRTSS ihate 1Feehu0tRlo pEhALE dfoillda Bdee
différenas sigral &ptheoplsdise shifter 501. As a result, the phase shifter 501 can
control the phase shift and the frequency of the drive signal provided to the Coriolis
sensor 500.

As shown in the figure, the invention controls the phase between the
sensor’s input and output sb as to continuously cycle the closed-loop resonance
between first and second vibration frequencies w¢ and w, while maintaining the
system under closed-loop control. Such phase control can be digitally implemented
using standard phase-locked loop techniques. In one embodiment, the closed-loop
control can be performed by an appropriately programmed Digital Signal Processor
(DSP). However, other feedback or loop control techniques can be employed and

are within the scope of the description and claims.
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because the quality factor is totally dependent on the
nmechani cal properties of the resonator, and is not
waleenadass on the efficiency of the driver 104P@T/USI005/010367
the efficiency of the pick-offs 105. The difficulty
with this approach is that when the flow neter
assFhbltargkd phase wetpdirsHoveminoRIS {5 scupadgdit duactimrhefrtime such
(such as fromwi to u>0), the flow neter assenbly 10
aswi || be disrupted and will need tine to settle back
intoits stable regime. During this settling period,
aII (VISCOSIty density, and nass
flow ratgi’ can %WE? r t he neasurenent quality can( 0)
be seriously degraded. The invention provides a
withihe phakkahbyulaoh indexusdaartl theoaorukition e riveidss beimgrin the
of at least mass flow rate, densit and viscosity,
orqar@f ssverAwecande kyeRR RMhasiment. \éétht%a N3 flgwly varying phase

va%t*?cgri?,tthg %ggt%bﬁg HE}'%%& _1BBB'LE; ﬂaﬁr&zjﬁgﬁu%ﬁ%ﬂ% k GSRFIBLYlY as

can i ncl |s sensor
pr&ﬂ@teﬂl byethe ghese durve @hbwn iB)F1Ga4Bh éEherefuréI for ev8fy period of time

| - I (D
ToaPrelgyan i RIS (Aot WboADBMETs B0 a2 gan hemegsured by

traggﬁgﬁﬁ? 20t tivé %n%lﬁllﬁ ég\;)ontsa%n‘gﬂ@ﬁ%uﬁfﬁé‘ é(ﬁ{’[ll’!'i_.’l@lil’n of operating

es a di e signal I's converted
poitts asEidupgusly wvth 3i9] ngeed fdnabsbkit®caliratoned the eripdtutie wsponse.
the Coriolis sensor 500. ,The pickoff, Si out
o aRsnding oh S asaanse Ly et S udhily.S taRitis détermined

in gal‘i&ﬁg \fNﬁgé gﬁgﬁ gﬁgﬂwﬁb Q¥ iop@Serhbodiferit %@Béﬁﬁtﬁb'c&hﬁe determined

r 504 conpares the input (drive
bymmmdlaaﬂym}neiabng fhloee desentbsouuoupaasle tlrrmwthiegéwaeaww&& through the

aeBS aflratioh Bhhe Bothen: Th 51 EL BRRaiiihEhE g Sopnind i
dyﬁQhﬁéal@%téﬁﬁméHQﬂpémﬂylngfa ﬁr@@él‘fdyVébrfécﬁlﬁﬁ\'fa@ﬂb@Vwﬁ@ﬂéln the

he Coriolis sensor shown in the f %ure
freciuency ceretion ﬁaﬁh@rrn§|deptendephmﬂwaae@tmbmhaseea@ e8dhe yiscosity

i,n output so as to continuously cycle the
Of:':h% E’d’a gop resonance between first and second

Vi brigid shedrraRUBPE cak bel datdmninedtbyl ilizignthai ma‘ag@ﬂb\herate 220
system under cl osed-1oop control. Such phase contro
throaightibe dioy mgterwssmkéwé Arasg fiemrthe sadiahresonant frequency of the

o 2 RS8P SRR o] AR e e by

chéﬂ%fr@ﬂhé&é@d)ﬂarﬁrfwlmmy@f heflowim&iey ﬂeﬂy Gﬁ)@aeagcun a different
However, other feedback or | 0op Q[oh
m@@% p%]yla[g;g)rbgp\e g@e@rn@t%gg@ CaRde modified. “This capablllty leads to the

ability to profile non-Newtonian or liquid products substantially instantaneously.
Fluids for which the shearing stress is linearly related to the rate of shearing strain
are designated as being Newtonian fluids. Newtonian materials are referred to as
true liquids, since their viscosity or consistency is not affected by shear, such as
agitation or pumping at a constant temperature. Fortunately, most common fluids,
both liquids and gases, are Newtonién, including water and oils.

The Reynolds number R, 225 for the flow medium can be determined from
the three prime measurements that are simultaneously measured by the flow meter
assembly 10, i.e., the Reynolds number Re 225 can be determined from the mass
flow rate 220, the density 221, and from the dynamic viscosity 223.

13
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are wthin the scope of the description and cl ai ns. The
target phase setpoint shown in FIG 5 is a periodic
wo eovettd4ass of time such as: F(t) = Fo + DF sin ¥QpUS200§410367
( 10) with the phase nodul ation i ndex DF and the
nodul ati on period Tf being on the order of several
secqmesvibrational respodsesegénerdteby tivd Carisliofibw nateyisncan
phase variation, the system cl osed-| ciop_ osci | | %ti rllg
addlitiogaliy bg ugedfor ptitek PLIRRSES. JII SR 1Br Bfing ebpginigRt. the two
ACUE: ' o f
or RSP RBRinid) Fhop 1Bea Ut R Sifness or ne
flow) rAetaaredsertdy 1 0oWhedtexuralsiifinessreas eadsaayintardekiongprrect a

h el [ [ i d i h h h
Flow el AT 2 G Pb iR GRS i & UTBRES £1aR88 v th no
neegffirs 3RSOAM G fleXulA stifness afsd 8@ Bbridliddfow meter gensitivity

response. Depending on the response tine required, .
(flole reslibyatiore factor. dEtexuralneliifniess viartheustatiayspringorate derived from

I i dj t [ ,
fleiBerhe: oy BPepatiod kapny {obfi i farRl Eightfing, i flow tube
ditAgderheie Afiefotbassatierf sesuld IHeousbd ttbemdasard flexural stiffness, as
cal i bration ‘phase point pcai- |In another enbodi nent,

lonches dicisdnyarianti Asignaxaeepleythecsienmastiinegs fpppyslagpgd beam is
far equency correction factor, wherein the frequency

ascf8ﬁc$\g§.ti on factor is dependent on the actual phase and
on the viscosity ofKdhe ped9eEl The shear rate 224  (11)
can be determ ned by utill zi n'gisthe mass flow rate 220
t hrough the flow neter asenb y 10 and fromthe

W gural resonant frequency of the flow nmeter assenbly

." Consequently, by changing the flow rate and/or by

chari ng Rdree (Mgonant frequency of the flow neter 5 by
operating, in a difffre&{ r%);de of vibration, the shear
rat & 224 YRMIeMedyiys &M Fhi s capability leads to the
abi ity t j wt oni an or |iquid products
subs!t ant il\g 'ﬁ&ﬂf%t@g%&e usly. Fluids for which the

shedr+ ng Llstngéis@m);s linearly related to the rate of
shearing_strajn.are desjgnated as bei ng New oni an

f I uifefex ﬂ%WrS‘L?tgﬁ"ﬁ?étﬁmog‘(@_tbgre referred to as true

|1 gy s, (Ebﬁkﬂﬁ HOR etdrS GORAbLYraPstiffABS ThaRgYs, thdiPso must the
af fected by shear, such as agitation or punping at a

calibrativarfactoe chenge. FlexuBbstiffivesscofys Cotislis Howmoster isdefined as:
both |iquids and gases, are New oni an, including water

medi Um can be det enfensdrtREl e O 2)
where:
Cp - effect of force pattern on flexural stiffness;
Cg - effect of unflexed tube bend geometry on flexural stiffness;
Cs - effect of unflexed tube stress on flexural stiffness.
For a straight tube Coriolis flow meter with no pre-stress, the following

expressions show the dependence of calibration factor on El:

m= C{—}AT (13)
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the three prime nmeasurenents that are sinultaneously

nmeasured by the flow neter assenbly 10, i.e., the
wReoonobds8s nunber Re 225 can be determ ned fronP¢EsS005610367

flow rate 220, the density 221 , and fromthe dynam c

viscosity 223. The vibrational responses generated by
Sq the ttew icalibeationdactors (REF bfardhe stralght dutee Isy be used for

ot her pur . For exanple, in one enbodi nent, the
t wo ptfupagéirbrational responses can.be used to (14)
det erm ne [al’f] exural stiffness of the flow neter

10. The flexural stiffness can be used in -

W@%ﬂ% % copsiast determingy baMegeshane aad pisk-offboatipased
on g |§f! tDEQ?%§u§'%ﬂﬁﬁe%£@§ﬁ ?rs% t#?@&teqlﬁ‘{irgéa E&#%ﬁﬁa@!’lg)points ona

stiffness al so ect riolls oW ne
tulfé Ifoagusmicy treaponse ffamdtion) (FRAFeatigalensfrefiionsss.i sThdse points are

tngh £hed 1R Aba e ot ot firedtil edSlin g date anddistemmie the DC
(4. SBIFERISRIHg) pdimt drPthesFRet tern could be used to

measure flexural stiffness, as long as it is
i nvafk i Bow . calibratior xiaciire canhbef vabidatetl ssingf messulfiple &requency

e l a?@%d&r%%%gw%ir j\g&ﬁggeo%r!%é)&gwﬁ%%ﬂe%a% gégé%(ztp% %ﬂti;fﬂng %onstants
m{Yoeek,, @, Lnerdndaal "Gds)i?g? day- tita@N@bmaliriMor %%Lﬁh‘scyfjjgwain system

CFlexural 'stitfness of flow tube. For a Corl
identifisation imethedurAlcuses fittingsgrocaduigets, usatkto fiba rationalreontinuous

o B Bl R o B AR S0 ot he so
of (fkéquertase in Qrectoret e@i rafliahe/seeoRal.t €THe Hurhb&x'éhd! location (in
stitfness; CG_effect of unflexed tube bend)ogeomatry

fresencek of the &RKF data points doesf ageat the Wﬁlitxﬁ dhfJ fibeA good fit is
f ' ' . .
By B TR P R 5rBEed o2l BERRL 1 Beryep mocer s

of the form:

H(s)= b(1)s"™ + b(2)s™ D +...+B(N, + 1)
st a@)sWeV 4y a(N,+1)

(15)

The driver pickoff mobility (velocity) frequency response data is converted to
the receptance (displacement) form. The measured mobility frequency response
data H must be multiplied by 1/(iw). The measured mobility drive loop frequency
response H should be from drive coil current (proportional to force) to pickoff
voltage (proportional to velocity).

Converting the mobility data to receptance data yields H(s) in the form:

b(1)

HS)= 05+ a@)s+ a0d)

(16)

where a(1) = 1. The modal parameters of interest are extracted from the transfer
function model as follows: ‘

A,=b(1)

o,=)a(3) (17)

G=a(2)/2/
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expressions show t he dependence of calibration factor

on El: =C] |D (13)So the flow calibration factor (FCF)
wo enetiasstrai ght tube is: ' p- i " FCF= C - (Rd)/Ustves/@10367

Cis a constant determ ned by node shape and pi ck-off

| ocations. Flow tube flexural stiffness can also be
Thephgsieahparabyeters tamnthiergbecalcutate uaingube foll@ving renyations:

response function (FRF) at given frequencies. These

poi nts afe=dhén used to fit a single degree of freedom

nodel toct;@gga,tg and determ ne the DC (e.g. zero (18)

crossing) poi, ‘nt on the FRF. A flow calibration factor

can be v#iT@atedl usi ng a nultiple frequency estimation

Mul t | pl.e fre ueney

ek

cal}bghﬁ& fdtof, | FEWEN Y Bther pbf@rﬁéll@ﬂ@)(ln@mm@ cﬁdﬁéﬁﬂn the mass and
entification nethod. A curve |tt|tﬁg procedure is

lengéte of the flow tube)aaredeiermiiad andboarrested. t r ansf er

function ¢

oo R R b Sy RN B R PO g can ao be
uséd@ e datcs apatifferehtiate Mo aietanstricior cltandds) such as erosion,

frequency) of the FRF data points does affect th

cojagiont gn@coatieg pf the Tlowdeke- Inone suehpapagiment, éh%QOF'O"S flow
e e e o

maastrd m=as2Are dédsity. Theffdss measufemett is/basqal ok did following
mobility (velocity) frequency response data is
equaiErted to the receptance (displacenent) form The
nmeasured nobiljty frequency_ response data H nust be
nul tiplied by @AFGF *[AfFhir, freasured nobility drive (19)
| oop frequency response H should be fromdrive coil
Wiener ent (proportional to force) to pickoff voltage
(proportional to velocity). Converting the mobility

dat g, ti9 the AR Meratet a yields H(s) in the form '
<16) where a(1l) = 1. The nodal paraneters of interest
ar e F&f isdbedtow calibratien faci@rsf er function nodel as

fol let\AFé ‘the time delay; and

At o is the time delay at zero flow.
The FCF term is proportional to the stiffness of the flow meter. Stiffness is the
predominate parameter that affects the flow meter's performance. If the stiffness of
the flow meter changes, then the meter's FCF will change. A change in the flow
meters performance can be caused by corrosion, erosion, and coating, for
example.

Equation (19) can be rewritten to reflect the stiffness:

m=G*(EI)*[At—At,] (20)

Where:
G is a geometric constant associated with a particular sensor;
E is Young's Modulus; and

| is the moment of inertia.
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A =b(i) = (2)/2/ aThe physical paraneters can then be
cal cul ated using the followi ng equations: nl=l / Al Tc
WE0E/1@448A1 Once the physical paranmeters are PCT/US2005/010367
determ ned, changes in the flow calibration factor, as
wel | as other parameters (including changes in the
Théafsa avinémngtimertia, t,lmhahgeswumhdhe naeter'd dlowr inbecthamges. For

e B s S e EPbos, U 448 Bomento

,neﬂmsqiggrgégégu ate flow neter structure changes, such
erosion, corrosion, and coating of the flow tube.

| n knrmesamboelnbedh theninventien @miudgs @ proesesifer detesting and

atprefiAee dPvemeler TR SHABRTY éfi@?@%dt%ﬁﬁg (fflow rate.

measurenment is based on the foll ow nlg equatd on:
The procesatstarts with thasletermination ﬁém@éssf et HSIHQ@UM’“EE
the fl al i brat | ctor; is the tine delay; and
mqgesdﬁlngtWeﬁgllqwlﬁg ec?@%gfl’ﬁat zero flow. The FCF termis
proportional to the stiffness of the flow neter.
Stiffness is the predom nate paraneter that affects
the flow feter's performance. If the stiffness of the
fl ow neterl "8hangés, then DhE neter\AFCF wil | \cHangs.
A change i|n°tlhefl owreterls peyfor nce an b S
by corrosi|df,|erpsi on? and coaézl ng,| for gzxarrpl e. W29 @)
Equation (|19)| cah be rewriftten td,pefl ect tAg At,,
stiffness: G(El)*[ t-At ] (20) Were: Gis a
geonetric constant associated with a particular
sensor;

When muiltiple modes are excited, either from flow noise or forced vibration,
the vibration of the mode will couple with the mass flow passing through the flow
tube, causing a Coriolis response for each mode. The Coriolis response results in
an associated At which is used to calculate a mass flow reading for each mode.
| The mass flow reading for each mode is compared. The resulting mass flow
rate must be the same for each mode. [f the mass flow readings are equal, the
comparison generates a “proper operation” signal and the process restarts. The
“proper operation” signal can be in the form of a visible or audible signal to a user,
for example.

When a deviation occurs between the mass flow rates, which are outside of
acceptable limits, an error signal is generated. The error signal can cause various
actions to occur. For instance, the error signal may cause the process to be shut
down or may signal a visible or audible warning to an operator who then takes
appropriate action.

The density measurements of the Coriolis meter 5 are based on the

following equation:

=2 K 22)

T m

17



E is Young's Modulus; and I is the nonent of
inertia. The area nonent of inertia, | , changes when
wao b@oire48s ' s fl ow tube changes. For exanpl e, iPCT/I82005/010367
tube corrodes reducing the wall thickness, the area
nmonent of inertia is decreased. In one enbodi nent, the
Whereenti on i ncl udes a process for detecting and

differentiagting flow neter structure changes from
i nd d%ﬁ'&S@%}‘éﬁﬁ%@‘qq@%ﬁe&ﬁP'yate_ o The process starts
Wi t by [@®ed8L S BF it advensdlymass flow rate, m using
mul ti pl e nodes and the f_oYI ow ng equation: Wen
mul fisplhe freglencyra osgidlptied and t her from fl ow noi se or
forced,vibratio t.he. vi brati on of the node will
couﬁl'%ﬂﬁ Pﬂr'?caw@%]ﬂ%%@aqﬁ%ow passi ng through the flow
Equalien (221isithe saluiohidilthe eyaatiomstniotiondech simyle dediez-of-
Coriolis response results in an associ ated Dt ichis .
fregdem system cuCariolia flawgnetar at zeexpwds fenresapiedRyg@n expansion

of PAGRT oD nIE T ow Pat o mist o the same Tor each

node. |If the mass f%)W eagdiyags are equal, the
conpari son gener at es—& '|-prepef—eperation” signal and (23)
the process restart§g. éfAjpfé’ﬁér operation" signal
can be in the formof a visible or audible signhal to a
user, for exanple. Wien a deviation occurs between the
Wﬁ%:rs%s flow rates, which are outside of acceptable
‘ts, an error signal is generated. The error signal
can EpUgsu nwdul@st i ons to occur. For instance, the

error signal may cause the gépcess to be shut down or
may |48 Heasrogsestional reementPhinegr ni ng to an operat or

who 4 h ?g]% r%@é(' ate action. The density
rreaséu"r'g%eél S %FR’toﬁ{e rﬁrti olis neter 5 are based on the
f ol 1/isi the czosmbectivnal AaBa;t Xmhere: k is the stiffness
of an, assen‘oI%; mis the nmass of the assenbly;

p is the denstity

f represents the fluid in the flow meter; and

t represents the material of the flow tube(s).

By rearranging terms, equation (23) can be re-written as:

pr= CiT° = Cy (24)
Where;
EI
C,=G,——, and 25
1 p 47[2Af ( )
c, =24 (26)
Af

The geometric constant, G,, accounts for geometric parameters such as tube
length and shape. The constants, C4 and C,, are determined as part of the normal

calibration process at zero flow on two different fluids.

18



10

15

20

25

30

f is the frequency of oscillation; and Tis the period

of oscillation Equation (22) is the solution of the
weewattdogass of notion for a single degree-of f r eeRlONMIS2005/010367

system A Coriolis flow neter at zero flowis

represented by an expansi on of equation (22),

yi elldiong: ermhedimertt, the inventiprsinabbidies apracess formdetecting and

aiferRBRaify Mool SVERbuS cahfFs i SardeiniGaERlsd densty. The
pré€esy $tarts WistPIHRS@stefminagioh lof densify, td) lefﬂggmulfﬁﬂé‘ Friod®Rd Multiple
t represents the material of the flow tube(s). By

medes campemycited mithee foat flow npise) ordarcaskvibeationi. t t en as:

ConaVEensly Foobitts BLER8) rigie e Rmakiell 3185800 Gensiy
reéginguhest endsand fehegeh mbde. dbihet denisity rehdinigd @ equal, the

are determ ned as part of the normal calibration .

Procetsgenelatesa doIoPshoBAralign aionakardthe prrcgssirastgrs. The “proper

nvent el Udes _

OrS TR Al g hq PLFE bR of B PR BB, poer
chanyaenfa deviatiem gesurs hetweern teededsitysicagingBh evhictpaessutside of
st ar M th the determnation of density, .p, usin ,

ackapiain S o8 ot ST © SRRatech | Ngeriaryidial G fhuse various

: r .

B o Rt N e Feld B picegs to be shu

daemei mayrsiginkiregvisiide obaudihle warréng to anaperatodehol then hiakes

density readi ngs are equal, the process generates a
appﬁ?%ﬁ%\\é a&ggpati on" signal and the process restarts.

The TrHY CBAbIILASWFHERR andinddRbd @ioRfing fo tHeinvehtidbPtaR be
vi si bl e or audi bl e si nal to a user. en a devi ation

ergplovied apeordinghta Ary abinel embodimieniy#) owleardo paodde severda
ad%\ntages, if desired. The invention provides a flow meter that is capable of
measuring various flow characteristics. The invention measures the flow
characteristics using at least first and second vibration frequencies to excite the
flow meter assembly. The invention advantageously operates a Coriolis flow meter
to provide additional measurements of dynamic viscosity, kinematic viscosity, and
density without compromising the mass flow measurement performance of the flow
meter. The invention can additionally provide shear rate, Reynolds number, VOS,
and damping factor values. These various flow characteristics advantageously give
more detailed and explicit information on the makeup and behavior of the flow
medium.

There are numerous applications in virtually all the major industries for a
product which simultaneously measures mass flow, density, and viscosity. In one
example, the invention can be used for ship fuel oil blending, wherein kerosene is
blended with fue! oil to a given kinematic viscosity specification. The resulting
blend can be concurrently metered onto a ship. In order to provide a solution to
this application, the mass flow rate, the density, and the viscosity measurements
are required.

In another example, the invention can be used for lube oil drum filling. Many

different lube oils exist, and they are typically manufactured in a single stream and
19
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acceptable |imts, an error signal is generated. The
error signal can cause various actions to occur. For
w0 p®bamMae3 the error signal nmay cause the procBCGHUSIONE0367
shut down or may signal a visible or audible warning
to an operator who then takes appropriate action. The
batelfilled ilrﬁofdr@NVsrmImngabdtcthﬂlh@bfadmmsd tmeyinterfadebetween the

i nvention, can be e ed ac dj ny,of, the
TR AR AN B atces TRt D cOtAaw deBeebdif Mddhieaggert ¢
corﬂﬁﬁfl eflﬁm Hi inkigadd RidteestdRrfoughfd @Mé\ﬂ?éé ff plodakt ‘J/|§cosny

e of measuring various flow char ristics.
usmgwrwmsoosnt;emaseeemmt provigedtur thetiayendiare sThe me@Saﬂow output

. t f t d b

o g e S S BRI S RO AL el Bl e

proQR%rdQS)?&eﬁnG@ﬁﬂlﬁ is flow nmeter to provide additional
neasurenents of dynan1c vi scosity, kinematic

vi skroanather examplen the invantion Ganmemosure@elwﬁa higls fuctose

f h f
oo AR T o3 oisPE! SiaT RS H 6 o5e fariihdlg] Buringifie receiving
of IRELSsslGtionsTeeich séftiorawil Hinvera sgedific tionsita(in@six) ahdsiscosity

various flow characteristics advant ageous

l'y give no
qualdy speeificalian. eRpx inastbaeRrdaiingd; asa AiFasiee ﬁgﬂ&aer&ﬁatage of

V.
ol Berfiicd i otttalicl 4hq MRRSSI O ERLR R sucyone
(sugap)r oCleaitly Wavihg $hémbth@n’muebsureetaese qﬂahlngaréhmters
ensity, and viscosit I n one exa i nv ntlon
simulianseuslyarth e RRsp f%w ate)ls a Flaak nig%ef't 3?%9% omer.
kerosene is blended with fuel oil to a given kinematic
viscosity specification. The resulting blend can be
concurrently nmetered onto a ship. In order to provide
a solution to this application, the mass fl ow rate,
the density, and the viscosity neasurenments are
required. In another exanple, the invention can be
used for lube oil drumfilling. Many different |ube
oils exist, and they are typically manufactured in a
single stream andbatch filled into druns. During batch
filling of drums, the interface between the different
| ube oil products nust be accurately detected in order
to prevent contam nation. The interface is detected
t hrough a change in product viscosity using the
vi scosity nmeasurenent provided by the invention. The
mass flow output is used to accurately batch fill the
drunms using the nass fl ow rate neasurenent
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provided by the invention. In another exanple, the

i nvention can be used for receiving high fructose corn
W@ 200000448#CS) sol utions, such as HFCS-55, for BXEHIF1085/010367

During the receiving of HFCS sol utions, each solution

wi Il have a specific density (in Brix) and viscosity

qual ity specification. Bri @LAdMSeen defined as a

neasure of the percentage of solids in a plant juice
What i§ clalngdii$vel y as a measure of percentage of sucrose

1. (SU?\I acdriolfd ﬁé\h'rﬂeteh@')'d&ﬁnéﬂ'bﬁn@%hb'dr)mér% ﬂ@@%@ﬁ@uftdﬂ%) at least

gqual ity paraneters simultaneously with the nass
two mcdxoﬁssemsmeq 0% d A8 iaffixesl ton@eanst @rnmpre:tmwmgn@lnaﬁ (1@3) and a

S ot SR P D2 PR ed R 44y e

CotNs fow ek (55165|n cﬁfafraéﬁ@ﬂzéd)byhe one or rmre fI ow
conduits (103) a driver 104? confi gured

vi bregter elestronissdR0heewnled dathont @aﬁgwqe@yoﬁ\ﬁreﬂﬁ%sr(é 05, 105)

anf 8% oL CYATTI B Pt SReEBE ARG BTl virae
thes 68 @F ndreGhow ¢0dVitsaB3) Of theeflol nveter (ith4) fwsV\A/ibt‘aﬁdrefrequency
neter el ectronics (20) bein conf ured tao Vi %‘%‘i
Fesponse of

angrie aof.'rshaweofrwwec ing §nq sie@ist viggat
th%bg o? rfn‘})] esﬂo @@5& Qggze\ﬁi‘tﬁﬂ%’fu%f‘% #’éh(ﬁ\aﬂ ré%onse being

ase measure a first vibrational
gehem‘.tedsre reépdrise to mlaae {irst vibratiéh frequencly ivileratel he) onenvot more flow

congaiin KB Wit ARSI oG SDralioT EOURA gt pg-of-
ph\%ﬁ% b%rndofﬁg ﬁ EIEOP‘He%@UFEJ 's%c&%ﬂ% b{éﬁ‘héﬁhl@ésﬁcﬁ%‘é withStBe ¥dond

rati quency an I rst ouf-of phase
wmatminaigesmkae being geactated donespansedoitbe secord ptbma’mn
Wi th cond. vi brat i onal onse bein ra .ed
fretenE RN B CaMINF A RS TASS RN B AE isCo Bafeing the first
VIB?'Efl@r‘iél‘rB@péﬁsé §7 thePsdtel Vibaiiohal RspBAs@ Vi scosity
using the first V|brat|onal response and the second

VI brati onal response. . The Coriolis flow neter (5)

2. Ger P GRS s ?9?5354 B By Rty

coﬁfprl‘s‘nr@g aetbrmiMin atd&‘lsﬁ?t ernmning further conprising
determning a shear ra 4. The Coriolis flow neter

(5) of claiml, with the determ ning further
3. The Coriolis flow meter (5) of claim 1, with the determining further

comprising determining a shear rate.

4, The Coriolis flow meter (5) of claim 1, with the determining further

comprising determining a Reynolds number.

5. The Coriolis flow meter (5) of claim 1, with the determining further

comprising determining a velocity of sound (VOS).

6. The Coriolis flow meter (5) of claim 1, with the determining further

comprising determining a pressure.
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conprising determining a Reynolds nunber. 5. The
Coriolis flow neter (5) of claim1, with the
waledenod4gd ng further conprising determ ning a RE/U81005010367
of sound (VOS). 6. The Coriolis flow neter (5) of
claiml, with the determ ning further conprising
7. det Ghad Qornglisflgw esster () of claiimel Quith the eistosity cahprisiid a
.of claim1, with the viscosity conprising a kinematic
KingMlesYIBGoSIyY. The Coriolis flow meter (5) of claim 1,
with the viscosity conprising a dynam c viscosity. 9.
The Coriolis flow neter (5) of claim1, further
8. confiihesCaroljsuitigpi metee (Gyad wlaime fwiths the viscagityospmprising a
fre uencx .fmd t he second vi bration frequency. 10. The
dypamiGMSEOsiow meter (5) of claim 1, further conprising
substantially simnmultaneously vibrating the one or nore
flow conduits (103) with the first vibration frequency
9. and TtheeCoriclimiiow inhetat (Hrofidlaigubieithen ecomprgingdpmpingbetween

e gt Sho ol B secd UBEREl R ig: ocona

vi bration frequency over a predeterm ned sweep tine
period. 12. The Coriolis flow neter (5) of claiml

10wi t T hengoriplissiowingtat (Drefrfaigutrsythaheompasinghgtantially

BB KRR AL AP T LAY 5298 F foraton
frotRiehcl lapd therseabhd vibratdks) fredGendyhe Coriolis flow neter

(5) of claiml1l, with the one or nore flow conduits
(103) conprising two, substantially U shaped flow

119°ndl*ﬂe{ éoriaﬁls fI&N.'ﬁ‘?étQP@fdfrﬁlé*ﬁf ? FHAEP BofrlpP%ing sweeping between
¢haract &ristics in a coriolils f10wW meter, Comprising
the ffitstafibraton fireqaenopard the secanrdi vibratiaf fredueeridyoaveret er

with a fiyst vihration frequency and in a first
predetesmi %\@%%Hm%eﬂﬂ%e and measuring a first
vi brati onal response of the one or nore flow conduits,
with the first vibrational response being generated in
12 espkhesBotiolig flewfmetst (5)i dfrcdaiimom, Wwitle theefitsy vibration fraguency and
the o

thesPESH SRredRrlteaasusy by spbstantahgealAl Srasifeive and below
a funBaHfsHI PeYlidridydiehd bhé or dabredfovp Basduikendiang node;

13.  The Coriolis flow meter (5) of claim 1, with the one or more flow conduits

(103) comprising two, substantially U-shaped flow conduits.

14. A method for determining flow characteristics in a Coriolis flow meter,
comprising vibrating one or more flow conduits of the flow meter with a first
vibration frequency and in a first out-of-phase bending mode and measuring a first
vibrational response of the one or more flow conduits, with the first vibrational
response being generated in response to the first vibration frequency, with the
method being characterized by:

vibrating the one or more flow conduits with at least a second vibration
frequency and in the first out-of-phase bending mode;

measuring a second vibrational response, with the second vibrational

response being generated in response to the second vibration frequency; and
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measuring a second vibrational response, wth the
second vi brational response being generated in
WO e®pomaes t o the second vi bration frequency; PCT/US2005/010367
anddeterm ning at least a mass flow rate and a
viscosity of the flow medi umusing the first
vi bradteoniaing aklpasta nwass ftdve rate anada visbosity ofithie flow medium

response 5...The net hod of, ¢l aim 14, .wi t.h the
usid Brningt WBratarenarenalingansl (g SeeBeibialignal Teshenss

16. The nmethod of claim 14, with the determ ning

further conprising determning a shear rate. 17. The
15ret hohe otethodiohclaim 1di withtthe deterariningi fagheueemprising determining

ﬁénﬁ ising determ ning a Reynolds nunber. 18. The
afEYHBY of claim 14, with the determini ng further

conprising determning a velocity of sound (VOS). 19.

The nethod of claim 14, with the determ ning further o
16& onprhs Meiherd peelgimildg Withghe seteranining funther sepREsingfdetermining
agll@érma 4, with the viscosity conprising a kinematic

viscosity. 2 1. The nethod of claim 14, with the

vi scosity conprising a dynam c viscosity. 22. The

met hod of claim 14, further conprisjng junping hetween
1%.he the WfWCEPBﬂ?Hﬂ Ty w&béf;\% eg‘?p{aﬂmwegfgﬁbgﬁaompﬂwagid@ﬁermmmg
ah%ﬁgUﬁg%mgg’r The net hod of claim 14, further

cO

rising substantially sinultaneously vibrating the
one or nore flow conduits with the first vibration

requency and the. second vjbration frequency. 24.. Th -
8ot HUGF B1CLERLPHARET T MRS CRITR BragUEABE mETsing determining
a p@bgﬁfaf Egl‘fncf g\ygg)_vi bration frequency and the second
ra r

vi b I on equency over a predeterm ned sweep tine
period.25. The nmethod of claim14, with the first

19e/ ninaiead B GARY Bqtihile i BinkbadyBhar bR lgiEaetermining

a prxdarent al frequency of the one or nore flow
conduits. 26. A Coriolis flow neter software product
for determning flow characteristics in a Coriolis

2. R hBinod BB A0 Ry 5B M<Eps b bbBLSs e e viscosity.

flow conduits of the flow nmeter with a first vibration

frequency and in a first out-of-phase bendi ng node, )
2treaslhemgthod of claim 14, with the viscosity comprising a dynamic viscosity.

22. The method of claim 14, further comprising jumping between the first

vibration frequency and the second vibration frequency.

23.  The method of claim 14, further comprising substantially simultaneously
vibrating the one or more flow conduits with the first vibration frequency and the

second vibration frequency.
24. The method of claim 14, further comprising sweeping between the first

vibration frequency and the second vibration frequency over a predetermined

sweep time period.
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first vibrational response of the one or nore flow

conduits, with the first vibrational response being
w@emwenatsetsl i n response to the first vibration PCT/US2005/010367

frequency, and a storage systemthat stores the

control software, with the software product being
25 harBhe ethediobylain Hé, withtthe firsiofibration fissiusgcy and ke second

vigiRoB HEERrR pEe Gl Rl REREM HPaPed bBEYe And el
fuNdémahta) frégluea g BEtheddvie bﬂMdBé flblw &dnduiits: of - phase
bendi ng node, nmeasure a second vibrational response,

with the second vibrational response being generated

ot A e GorPUs ApoPRRA ol Pt TG YRRY i

chhlrmbenhiarsamtaerabl|s:ﬁowsn@t@rt(tum;bmsmg avédntil lsofmlare configured to
response and the second vi brational fesponse.

The
diregt BRIPECTHIY §LSIeBT tocyiRfate 25e alimare i gandvits ﬂf the How meter
witt& & vilsRRBh ffeqragngybﬁa% met agt-éfe@ﬁsse%gﬁiﬁq, Mod¥ theasure a

a viscosity ow nre
firgtrdliationaf reepanse 2b6thendér ot hmrdélbw mndumg withtthefirst vibrational
a shear e software

fecoﬂglrgﬁr?icéi 59 Q%ﬁ&?#%gh TeRRaNSENE tae? é%im'l?rehen ?r@nvﬁew, and a
st&% réy%téiﬁ tﬁé’c‘s%n’@sﬁh@%oﬁtr%?%‘ﬁhgt% %@gﬁg -softvard IE)?oduct being

twar e groduct of claim26, Wth eterm ni
chfamttthezect Wprl sing determining a velocity of sound

sof .t war r oduct. of a|m wth the
det ARG SRR B Mg ity e Brocessing system
to Rilfa e Ge ol Rdré AbIWEYTRIURS QFitFCAt 18hsCA Qe&l%ﬁwb\’&ﬂdh frequency
the viscosity conprising a kinematic viscosity.

antha thefirstalé-ohrbase bepting miode2meastitchatskeond ydamammryal

SBIRL 08 RRT ol A el b P FRRHENIFresponse to e

sekehdeibitatite frebushoy idhdaddtemineastuessa @Rds ok @@éaﬂa one or
vi bration frequency., 35. The software product of claim

maorg flaw cha@ctersiies iusingthefisst dheationey resbense anddbe ispcond
wa'a{) || Ilﬂseeone or nore flow conduits with the first
|on requency and the second vibration
frequency

27.  The software product of claim 26, with the determining further comprising

determining at least a density and a viscosity of the flow medium.

28.  The software product of claim 26, with the determining further comprising
determining a shear rate.

29.  The software product of claim 26, with the determining further comprising

determining a Reynolds number.

30.  The software product of claim 26, with the determining further comprising
determining a velocity of sound (VOS).

31.  The software product of claim 26, with the determining further comprising

determining a pressure.
24
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36. The software product of claim26, further
conpri sing sweepi ng between the first vibration
wo e@guensy and the second vibration frequency PUEUSH05/010367
predeterm ned sweep tine period. 37. The software
product of claim26, with the first vibration
frequency and the second vibration frequency being

3% nadnoavle ST SRE 8. RE {G SkeBRy BityBrising a kinematic

viscoeityi ts.

33.  The software product of claim 26, with the viscosity comprising a dynamic

viscosity.

34. The software product of claim 26, further comprising jumping between the

first vibration frequency and the second vibration frequency.

35.  The software product of claim 26, further comprising substantially
simultaneously vibrating the one or more flow conduits with the first vibration

frequency and the second vibration frequency.

36. The software product of claim 26, further comprising sweeping between the
first vibration frequency and the second vibration frequency over a predetermined
sweep time period.

37.  The software product of claim 26, with the first vibration frequency and the

second vibration frequency being substantially equally spaced above and below a

fundamental frequency of the one or more flow conduits.
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