;-e3eQNdZ6T & January 2003 Met hod and Apparatus for a Sensitivity
Enhanci ng gw &i eld of the Invention This inventi on1gghﬁl§a§g26&3a
single tub rrolis flowreter and in particular, to 5 a nmethod an
apparatus for d0€8fi olis fl owreter having a bal ance bar that enhances the
sensitivity of theuéiHoM @@ ApPparaRisSford SEhSMivity'ERHA18iRG 'BHISnéepar Coriolis
flowreters are desirable because they elimnate the expense and the

pl uggi ng problens of flow splitting mani folds of dual tube Coriolis 10

flowreters. Single tube Coriolis fi’ﬂeﬁtﬁﬁé 'ﬁ%’ﬂi@ di sadvant age in that
their flow sensitivity has been | ome dual tube Coriolis
fl owmreters. The fThiwimensibhirelates tcsalsingbe tdtms Corviolis #awmeter aRueinfpartiduldrsto

that for the sane flowrate, a single ,tglbe flo t.er rH'J"t hae\'/e a Iagger
di anet er5f | ofvmealied agd aﬁ%’i%"’fﬁ riolis dlowrpgter Raviag Gerag that @nBEReASHg
and less res j J { h ogcond reason 15 has to do with
the details *ggﬁ’?g\%ﬁmgoﬁge’sﬂﬁ@\?v{e?é?g‘%tgﬁgm ermined. In traditional dual
tube Coriolis flowreters) the flow tubeBrablenyi brated out of phase with
each other. The al . flow twube t as, a counter ance to each othe 0
create a dynam cgé'f‘gleoﬁbfnb&ﬁ'o@? 3@&'&?‘&.’5 AP Oiqqrgg@eﬁggyéseaﬁgy! 8'55‘(’3{? gﬂe
two | ocati ongxpdr@aaridhel plaggihy pReblemsseNtiew shitting Inanifoids/ 6f @galttibeEbreiRN
the flow tubes. The 20 velocity sensors are usually |ocated equal distances

upst r eatPandflewmatars e Aingle dube keoriolis dowmetapohare a disadyaptagecintthatibais dlow
consi sts of Aet royell ed

ot her. The r%@%{g %%f?%ﬁﬁggwt&ﬁéﬁ@gitglé{’m tgggﬁt%gc%gﬁéeklpc |§'{gd Eb%é%@gs
a vol tagel. Tk?mtivity_si@lcdwér gmemaﬁo\?ﬁheTh/e:]ﬁmm gt fdrdhetsa_meﬂc}M mapﬁﬁinglzeS
si nusoi dal voltage in each sensor. en.there js n teria ow) t

Vol t ages 1 r ORI aTe: oV e atiet dippeler s lbetra uien lophiare. s,
material Tl owakb8R sYitfBFf RiDendi 1e35 PosP s BE dNoIi5 FSHcbD! T 8cdnrESs i

the noving material to cause a phase difference between the two sensor
vol t aged5 Thbasrtasdo Withhvihe getailsof haypthe inaaa flowgateisslgiearioedi f f er ence. |t

cqual i vi si on'or tryestiBaalaRialer oot U B de Yrag oty
the other atphasd @hipeadh bthdroThkiduas flowhebepaty feateemefialamensteavie bmer to/
has the sanme phase as the upstreamcoil velocity and both have the sane

phase as theCiaate agenaeisalitbalanesd sthectiirynéaloeibisensersase Igsated atiye locations
gounstream SeRRG B 1dhdd £f SBhsd M Folalifd) Vel RRERH g ok 1ubRBLFHe
€ tupe ownre g ow tube I's

2003 In sing ers, the vibratin count erbal anced
by a bal28nce vélacity sdrivsers ateausuatip iduated equaltdiiancasklpstraam ard slownstaeame fronf or

il ted to the b b t hough it t fl
ube deacr i AP WBE ¢ dBBLT rac L yslBRAERET B B TSP SIS AP R e
bal ance bar, tide &8¢ ¢uilfacidhRid toNpe Sthany ThHe ichtive heties ofthe cailtiiroagmthe

phase shift with'flow The velocity sensors sepn t he tgil ative vel ocl t%%
bet ween t he m@@sﬂ%Hpﬂwedwwwels@%nlih@ﬁmweﬁfagmélen the Whratigo dawdu

The flow tub - o i - '
The 10w ¢ Upraficbd 876G AT vofBLBTh R SincBRC M B Y 56 ABNATrb e
rel ati v@svel goltages(faom theltwayelawity sehseescarevial ghaseywitteeady pthean With material

determ ned by adding,the t 10 vel ocjty, vectars., The fl tube vel oci
vector has alefate Shidthodikes are gt oY i LoRlis Birentille mitving Malsia fo
vector has zeagsdhaimsehiifférenéd detgedm aretweebnscr voitdges.t The Meisiee eatahd f t
with flow of the velocity sensor, The net phase shift and output voltage of

each vel oci t Prepasienalita thig ghasq differenee.nBis preQriand ke notaithehbatidiowtibes arg s
ch v d ; _ A DRF= f

The 11 owrer oSqiEdetiba Bl i 8uBal difisRridtHes) 2Rl oheh Ho EHAsIRBSume Bhade ©

phase sid0ft shiftdetheatthacat drarespontingddcatiars. t Tee upstozam sansor reagrestivelocity

[l ownet or s eR e Rediars Fsdie UpsiTaRE Tot vriod S Batle Bitrame phpse as
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Solution 20 The above and ot her problens are solved and an advance in the

art is achieved by the present invention in accordance w t jgwahgary2008t hod

and apparatus for a single tube Coriolis floweter is provided having a

bal ance bar that enhances and anplifies flowreter sensitivity to material

flow. Both in the present invention as well as in prior art single tube

Coriolis flowretresingld he?e_babwmasanhé gibdatinge flowutbefis 2bupteasantddby espect
e r st c

to the flo ube in t bendi de. ,The drive frequen IS
ypl cal |y PRARERATAAN B @RI oo ey hio BENSIRIEa GRS (HeeoVsl afd
filled f1owdH td\tﬁéwwessar%l%nﬁbg@hm?e e&%.ehd.nw t85& Bbs@iedHpdgLe

tube Coriolis flowreters the balanc ar lacks significant response to the
Coriolis fdlaveayesrsinceonatdriabders nadioiwdhrough thélkalaheabarniib does nottexpeperssent

. ti g . f 0 o the b
bar 505 nat Lol 8 o SRRk ph e BB, TR TGS e BB LR no)
inits, secolatvéeaibcity wadeen abé £€a39!‘@ﬁf@ed\ﬁﬂbh tubs pawd thie noheHakeveHitse

defl ections caused b ed Coriolis forces. 2 0 January 2003 Wth

the appl i .G 10
mat eri al f|b@&a,n0ferb@rv?fﬁﬁ;ﬁpwr$§?9 AR ﬁﬁﬂeegeweée%eﬁﬁqaesweméyﬁmqﬁ@éevmﬁ i ed
Coriolis f‘?éﬁ%ent'@aebyf"vblb%it WeERIrS PRSINGT pridie éﬂxgﬂ&vatn'élb&mgﬁt%dépbﬁﬁé‘%lhﬂiy
greater in anplitude than the Coriolis deflections since they are at the

resonant f vetpeiinandioliage awhokadchl velqdity sensdrpeanhedetemined blyaddingiths tveo

The Gl r JBDCy PERES. e B LGty Bhiarbas Dhlabe shif BUEk: moterer g co
are appl i eqHaybdidiecd badiecityiieetor dlas z8rd pieasid shift.t Adiding thd Jea/ce s ghe§Hency

as the drive vibrations. Thé Coriolis force i nduced défl ecti on ofg the fl ow

t ubg_, howevet phase miftm;ﬁ@ flourad taeplecitissanger-sEeuiai Phase shif qmgmtpumelt@@e;ond
(roquency 8B SORLA TN Br et Reeof s PLhrRde SFRH T For R 5]

TEus) becaqﬁﬁ]:séfshimmdmti?s_etqoatee O}bsa ﬁupbiim;]rameawmd h ity df aife flﬁwm\éwf_.flrpm
the resonan r uenc 1t node, . shape (the seco enadl , . the rirolirs
naucad dofinsdertaton i fowmefs Rensuunite (e i Ahasment ol thaRaBnes ar ver -
i nduced (fi ; iR h T RARLt ' ol @p in
e second o e Al B g e TR Ger (SR1d ok 655 R erer

del ay bet weesultshian aveomiinedifloyvraetas sensitiylyase law asdopopsdr the ansueadyaénd | ow.

cenei t1vi ol eapeoBral ginele b AR B b ERea i %) ow The

bal ance bar of the present invention iSolafilBRected at its ends to the flow
tube by means of brace bars which transmt the vibrational forces of the
f1 ow t2be to 20 Tiheeabayarfed pfer Arablgmsonrenselvag tadids an advsacanodhpaarnt i$i ke
the flowt ; i i ; . gher
than the fiFoP BEDy S PTEATMvaRRch R ERRTrcEARAMICh RiRBE h bt B )
fl ow t ube doeasirgle tutsd Codolss ftavonetaatis pravideglieaving & dalanesthee dhdtramimanbes

bal ance bar_ sgcond. bendi ng, resonant frequen the, forces tranpsmtted to
Phe bl ancarRAm Bl R SR8RERy iRateRRt . BRliSE B R EhiE s
exci tation yad|l &t Eﬁepaﬂ sl kit Codelivflowetdra) maasalliide bdhidrivehidue of n
prior art nmeters the flow tube has Iittle response to the Coriolis forces,

t he ba%ncehage Widsreseaet tothe flawitnbe insihe flspihandinggnede.t hiae grieabiegueneydat i on
i nvol ves shjt:1.] f J a0f

bal ance barPiEane RsphER RN BY B boft e Cantfiq PG MaRhERRG AP
accor di ng ttobe methe festdmeslingyoode lod each.rlie guenayt simglstube £ aridis fibwmetersitise t hat

t he node n er is al to.the nunber .of. nodes,.m nus on The first. node
has two. nodBlate ariadEnabfitA 2880 he 3108 STRUEI RS SRECOAE dAsant ne
center). The th8iflotv betli N9 HEDPRsRAS iverliomeeAsitivigt shhahcembt kRacHEYeRBP3
30  designing the balance bar so that it responds to the Coriolis forces on the flow tube
by bending, in its second bending mode, out of phase with respect to the flow tube

deflections caused by the applied Coriolis forces.



Ln accordance with the nmethod and apparatus of the present invention) the
sécond node bendi ng frequency of the bal ance bar is | ower ed 41§9 f&ﬁPZb 3is
close to the first bending node (drive frequency) of both the P ow t ube and
the bal ance bar. The first bending (drive) node which has |arge vibration
anplitude in bot : r I t i he
bal ance bar in tE%ﬁigg%%@mggﬁgﬁﬁgV%@%gbggggﬁggqggm?ﬁgnJ??#%?%H@éﬁé%bhﬁee
shapes. | n Quwridis fetcesendhagiriveddbratiensief trex flod tubaprecfutishentiaty aneatebam

d flow tube). i that. th h dj t while the |length
botween ¢ he 2ot deB8Rdhs ERtpli defelibas aitee hauiars Bl e TrRant fearapnaR shen
occurring amatefaldmBed ﬂb%u r}b@e WhRe BROCHbIBBAE EtbNERAS dfilieh ke idfcyHfarGRmh er

have no di spl acenent w t he maxi num di spl acenents occurring at about the

one quabt er thetesonaskirgauenayrofitea dow tpoe fardhe Coreledefledtiondnede shapeheThe

par(or 11 054 REY oS weeroral G BB RER M Rfis RN lowdhob A AR B

negative di $piqueatpas thd lagive eihtiodf. The Odiibliefres hdudetursleshiepesthesfidviat
while the vibration of the first bending node is 15 puiting energy into one

hal f of the t¥R@dipwevss is ¢f hresaBe SRaPBasdiNRgSaRsAd bending; nosle; nfha seeqnd
t of I f

net of f oct - enghgftiod@tesoRfintroterttd of 1f fidw GicR% RER rigler (IEHEIRIfichBr

the findt befdppicatodefahe Cariobs {grce (therdrive hmatienicy) qUdmis| bscamsy the Colriotie.

The Coriolis deflecti f the fl t ube h t h t d
20 bendi ng. 18 5 APPYEH At rediennElbe rimBvas TomdRe FERpEm deAuS an el ds 0ane e
sign on eitI&ﬁ'&apﬁiélﬂ%s‘é%ohb%eﬁbﬂg‘),g?@@o%ﬁﬁiﬁﬂucﬂéﬂ deflechbuSIntthE 1R Y ér%ver¥

defl ecti on of ow tube is™able to excite the second bendi ng node o

t he bal ance mbgeh sinallehthanotheedriver anduedt (st biendingrmode) deflactiobsr Thel smake

bar 1 5. e Csts ef8eRETARe S5 Beaod meRE AR 1ok R Gl proiesdTafce.
bar seqgnd bgadenlapEetiiier the R Valbtisy seridopaigrams pf respendd \matdiRl eaones

sufficient to cause signifjcant phase gglay in the bal ance bar at the .
vel oci ty sefasausedhg defiectionds smlathe rlassydalay Retnall padihe spewtiviyrof prior
| ocations a 0 correspondi ng fl ow tube

| ocati ons a%&%ﬁﬂ%@gggt}ﬁé@gﬁsﬂg}e\?ﬁ 96@15% {0% meter to flow 30 In
accordance wi t h d&hei balanearbadoitiet pretentinvanivaris iconneatad at és ends betid fmw

node resonant, frequenc f the bal an bar .. bel qw t drive frequepcy of
Thact] ont abubd b W Sartraed BalWARR fradSiyuitfe VR frSia s Y REHRRR e o
osci | | @por’ shé earnasbak.; ROpIRITGAY hetdistHab et liHenBefloaauss Hias ifsecond
oscill ator noves out of phase 4 10 January 2003 to the exciting

di spl acenentPendingmpdsg resonank regdengicduph pighes thandhg fist essinos drikameds. out
of phase w t i Ol Bl i I aﬁg&ﬂ)& t he
bal ance bar ,égnéé'g}e%ﬁ@hs Oge(gllﬁ?ge %ﬁﬂ?{fl&ﬁ@%ﬂé@éﬁ%&%ﬁﬁg a%éfgepgatt e r ?XI IS
def | ect i ons faf rerhevedd framt thiecbalahee biabsatérahbemnglihg restmantt ftelgeebay), dne éorlgas' s
second bendi,ng noge fl.egti ons increase t.he riolis force on.the
row tube | dANSTENEd YonBedSanch bap R UaL 5t din tiarG e resid! BLrs sanibemt of
the fl @g t ukscagtbr bEtHE G BATdIRERBde ¢f tNe lbakirick RNSPUsCAHMS ffipiier hRe

fl ow tube and bal ance bar to generate output signals of increased phase

del ay (sensimet@rs e tewsabedasditieneaspanseiq Hre gptiolis fegtes, thbalepes Evrar@as

fl owmret ers. The reduction of the second bendi ng node frequency of the
bal ance bar below the drive frequency is achieved by a physical re-design
of the bal ance bahea haithoddnaddepparatesiio$tthé presem iofention imaslyearahifting the
stiffness. ss is removed fromthe central portion of the, balapce bar

whi ch 't ends TEUERRESTBRE St tpb S blS JBRES TrPBE IO GAIARET 1087 o coBh bene
second sbend!dwfmsirggwelrwe/ vibftorTRfctlekedrevadiingdsaddotdihg th YRaie tshﬁgeé, heotlipeir
second bendi ng node frequency because the second bending node has little
anpl i t ude ndegquensy esdeter A ugedd rule isHbat ieduade aumherisegualdoghe nyedertdfe
vel ocity se I I.AAS I L

ror ot han' ¢ REGsa0 PR THANFA ot eSS Rt QSRR ohi RV iR
second bendi(aytheostedsaampd int thdecanserlyr Eae ¢lsitd b&tdiBamaniech dsfious hofidess i s

nodi fied by greatly softening it in the regions of high bending in the
second bendi ng node. These | ocations are slightly toward the center from
the velocity sensor |ocations. Renoving std ffness in these areas greatly
reduces the second bendi ng node frequency while having little effect on the
drive frequency since in the drive node there is |ittle bending in these
areas. Finally, stiffness in the 25 central section of the bal ance bar,

bet ween the soft areas) is increased to further raise the drive frequency
while having little effect on the second bendi ng frequency. These physi cal

o, o o Y " v - o



of the flow tube. These deflections are referred to as "Coriolis like" in .
that they assune a node shape that is simlar to that of aﬁdwug,gbg)ogei ng
defl ected by Coriolis 5 10 January 2003 force. The fl ow tube and bal ance
bar of the present invention thus performlike a dual tube Coriolis

fl ommeter wherein each of the flow tubes assunes a Coriolis vibratory

result s that tReeoRir e R e g B et b e Py oy s e
f1low sensi t syddnd méd@bdidihg frehaecyaitios baldhee pbaschowéretdmm that itiscsbas the

second bendln e vibrajion withr ct to ase of the Coriolis
defl ection B Pﬁ@ﬂf‘gé"\}?@% VEéﬁ?@Hﬁgcﬁﬁgﬁo%g‘er ‘h?n%’Fﬁ’ Heypalange hass oHiht

frequency ofjrst Bén&ﬁkﬁaﬁ\ffe)bﬁédé%ﬁﬁmhéheﬁﬁbé‘mbmﬂﬁ) AopliftRlef ihidth BRNEVG Quierde

(drive) frequency he second bendi ng node frequency can either be |ess
than) 16 eqead th® balancgrhagt tzaHSttﬁa&mtﬁéh%b(aé@n%hai ity thfbaecqnyt berding mode
frequency. u

frequency, t’ %%g%gl ozﬁﬁg%aér?g@%éc%@ Hﬁé’gmﬂgg}’eﬁ%} g% ggﬂlbn ;B)ﬁé;tsﬁeehc\?\nefﬁ? t%(ie
Coriolis i nghastofhbaldnee bafr (amnencﬁwuma) udawahTthatstrteede have maldicplasement
phase shift and fl owreter sens If the balan econd hendi ng

tivity e bar's .
mode frequeMe the &?@IQH?/\PFW@eﬂ‘rtIIW@WqSJWe’HESFa% Q'SB@QGH]%‘B&@!‘Z@H? MaxigE
bal ance bar i Dad-e I t S
oot ot s nSDERrheRF BELAGnGRHNY BRI anHE ScoRBTdig Fddiiinp dhls Al
sensi t i10i t y cefteohans rezcu dsplau;ememt w;th the maxiouso dmdﬁcetnmts ecowuing ahab ot ttnmde
frequency is abO\éfﬁ13 node, dr,,ve freguenc son f

this is thaPPEd q&ﬁégtgu l@r‘ﬁ@ F\’/C?’B'rsat'T'%‘He‘é‘?{d %@'gﬁaﬂfllﬁ%g'sB Feg'len

second bendbﬁﬂnq&dﬂ t‘h'ebéeﬁlﬁéroﬁblﬁf §o'tﬁat2&1doﬁéll$ f tﬁeeawic@%é.y(@ @BWAUBeFRASE
relative vel oci tween th | ow t ube and bal ance bar which neans that in

phase noti opgsmwee]dlsptaqeam elheladhe otheshalffisssnegalive alisplacameat. a7 hesesult of
enbodi nment C de
requency. i 1 itpleics, IBRS e SldrtRls e viE sfe yRRGforl Bl wREaNEo RS e
its anpbsit umttmg@npl'@aatm Hm qsfaﬂebalantabgansne aecdrmi marefindnelotte fitie tdkiogy 25

L or oved D oABIaeH| SPoUT i SRBT SHIB APl P ek Sare RO O GG TSt
bendi ng md%ff%&ﬁgmque bécérﬁi DU diRG nfbide\§ nbf B4R v.saatmvxﬁvﬁer f.rs%@ﬁcﬁﬁgeed

because the phases of the flow tube and bal ance bar’ add and al so becaus
t he bal ance ntede Q\@moughm resosanhisequangiesomay he ¢|QS€both the drive node

The balance bar  BaFaruisatepfigfif ke 568 HER hE@ime b Ab EE BRI R,

rmdﬁ ﬁrﬂoyh B]lc@admgwub h&nﬂltﬁﬁdmthtco ehfeemueum@thubbmatszd stnarsngﬂs;r%fnmr
much hi gher f{requen n the Cori t er ef ore,
The socand 196 e iR drkinsstapemnheHRHES writol Sofigt el Pedon UEn S abis.
bal ance bar i, Eikite ireesgb&&nd Beﬁ&sﬁ Gﬁaaelolf $hé YakifcebBaNGianBAloRRE Sfhfitted
causi ng the? | owret er to shake. R/Eter shaki ng can shift flowreter

sensi ti vi ty thiodgl theskraselars . ImMhe psesant inyeotion the segand bending medeiresonsnt
both flowr t t t t ot
genoral 1y kSRS PTG eliheBindric R et hRr8 HHL BT The PRSiRlof o

conpengd ed.thé haldnee fyarssetond rbeefmng)modehw e ﬂurmhbareﬂecﬁmenme/ﬂbwawen
t ube, \When the second

node i s excited e Coriolis nod he f w

bendi ng nod@elcngéls&Jﬂfcﬂ% IQFause $'9%‘§8%‘H@&‘asﬁrd& Y igdhe belangs par aths velarity
bar vi brates‘éHEor%c E@%e Phik fbheesfae@émtw@eﬂ thB%avarwea&macéﬁHre%oeftotths
bal ance bar' second bendi ng de can cancel the shaking 10 effect of
Coriolis f orpt@sardet'%e brelt\men mlbe comiespanging t flaws tgbetlneamSaﬁoé emangesdbend

node vibratig riolis forces increase. This maintains

t he sane degsreﬁa'&'gw(gﬂﬁgﬁ%%%f %‘{]ﬁ?‘&g flow tube over all flowrates. In

summar \30 t he Cor iphtsorfdenveriitbra fifst ehebopiraernof tHevientbhtion,ithelsedesd aeb@hgnce
bar whose physical characteristics permt #Pt to have a second bendin

f requency 15“‘9%%95P§3be\ﬁ%q”etrﬁ&r‘?f§?ﬁjbﬂéﬁ‘ie ar istkelow the dB%HPHBer% “@Qif'P‘O’e)
frequency. roat a

defl ections ?é aﬁﬁt Eal%xnégee%%lr g?gsdﬁinlE rﬁ’ﬁﬁ?{‘@h%ﬂ r}ﬁ erf(':ét%lI c?%gmg%orfs
own whi ch arresmﬂntfrbqpbae,eshetdwttieeamung(ﬁnaqyedeyItbebsothatoofnd\/eeom afyphaske.
This out of phase relationship between the Coriolis deflections of the flow
tube and the Coriolis |ike deflections of the bal ance bar provide an

i ncreased net 20 phase shift out of each el ocity sensor and, in turn, a
sensitivity to flow conparable to that of a dual tube COI’IO|IS flowmeter.
Furthernore, the bal ance bar of the present invention balances the Coriolis
forces as well as the first bendi ng node shaking forces. An aspect of the
|nvent|on a rrethod of operat| ng a Corlolls flowrreter haV| ng 25 a flowtube



10 January 2003 said periodic Coriolis deflections being characterlzed by
regl ons of deflection as well as nodes having no deflecti ony ﬁ‘?‘f 6'(?3 zed
in that said nmethod further includes the steps of: induci ng r| 0 I ke
defl ections in said balance bar at said drive frequency in 5 response to
said Corioli dafl ons
havi ng t he St%&&?%l(cﬁ@ﬁeé 88? 'a%ﬁ‘%gl aég s‘?‘g’?gé&'vgﬁ?m&&n O%Shﬁ]cé(as:‘+<§%€%%g'h§%%al d
Coriolis |ike clebf pnase@ndthdhé iGuoeiotis 1mdld1ededieffamienafn thiebfiaw itutre. oBesaish the

bal ance bar h V|n resonant frequency suff.ici cIo o.the frequency
of said 10 e eGAen squfordEr Tosacns B ubdBie e o eiql e NIBRITS o

Coriolis li k@ftﬁ@?lbﬁng ntﬁe' §ﬁ’6 a%hﬂﬁfeeofblﬂb balahék 6ard 8béchd b%‘f?d ng mode

defl ections of said ance aving an anplitude Bro portiona
magni t ud® of dafteclion mcmﬂseoas mef(amrardls forcesam dlh@TIDWatu Adndreases.ubbessd out of

| £l d h h
oai 0 vl oot ek ek Bendfle BB R b Bl 1B gty el d e Shikded B85S ©
velocity of $qblgcify swsbﬂ J?ér}ﬂitoﬂﬁbdlo%ﬁﬂuﬂéldrw isdlaned Babt@g’m@@atbﬁfutplﬁ@@nals -

deriving i nforrratl on regar said flowing material in response to_said
generation offigepased @megiela;h(ﬁen@FIV|a§|§@atpar%d fhipat §fa‘i’fépf§'ﬂ19§3n@|ﬁ lubpfaertiolis
said Cori o(|ﬁ; vl/ %1% Sdef | ections includes the step of inducing said induced
mode vi brati One aV|ng a resonant frequency |ess than said drive frequency.
Anot her 1@spect i sTHelretiustéiorbfsiteseauind bethdrigmodaifikqlencybf tae bakmcd &t beloiwons

25 includes the ste of i nducin i nduced de vibrations having a
resonant fr ktﬁ‘ﬁe‘i‘fé’)? GPRUANSY IBrAah 9%’&%dg)ﬁrq ? V’F'F@GD[R&ﬁﬁ'gn omepalégﬁ%?fg“it@at
that said St“ﬁElugés hraé'asegmnéﬁbfin a!s@'dn% émfh@séema%%tns %ﬁiowfr@ trifeRe CBARtra €P

of inducing said 1 nduc node vi brations having a resonant ftrequency
subst ant i al Igomquaﬁ thedadarias khriwhéct temisdncfylse:ibe/shwsH@quaapyemmlle davihgtlittbeai d
step of |ndUC|n ratlona in,sai.d balanc bar include

ext endi ng f o t‘?'ﬁ &390 b@f’dgglfﬁﬁ%beﬂ%d eéB??%H'E"‘@iP 3t{%3ﬁ£)a${%ﬁ@ald

flow tuhs thsQiedl etdindmacde b@@uéﬁqfajeéabaé amees@@dnd ®ehdigcmotiai iBas little
Coriolis like deflections in said bal ance bar. 10 January 2003 Anot her

aspect is thampliudeinsaethe esmten Biass istheniaddesl tﬁﬁbé baianceRaruess theneelegibps
of : flexing §él%§|r WHcatibt Nﬂ.&wog)ébsfm@gra R éﬁdlhéarﬁgbél g%‘g‘hgﬂg} @Xq?én)gﬁ% tr

defl ecti ons ex a |rst en

second end ofirisefreuereyddrause thesesprenthe lpoatiens whieex thysedorshbehding stodend
to induce said 90ri olis ‘i ke deflections in said balance bar. Another
aspect "is t hamPELHe IS98Atest | nduci ng said Coriolis |ike deflections in said

vi bratipg bal a”CEBél@ﬁcé p&# @t#ﬁa%sg RemvldaRs 8 grdat L&df@u@t ﬁh @@rﬂegldn§ df inligh

deflections in said bal ance bar at a second bendi ng havi n

resonant fregerdivgindne seaend bendingfirgde.t thesd 'QC_Gﬁ*Qﬂﬁea'ﬁrséqh@hWaf@ center
operating Safrgmt?ﬁljf ?9 jr)] nsBPloga( 'ﬁ@rlngwglglrslligfb@gs Wthbg'éjﬁﬁd g%réﬁiyqeauces

Coriolis |ike def S I n sal al anc a second
resonant fr etheesecygnabending m@cﬂeafnewéxmy \ahnlahawngllntttajelféecgmaherdrwhanqnbmy
vi brati onal a| I def ]l ections of sa

sai d periodi 8" l Htgg%éi%gé‘?q?i%WF%'Sf PQSBEHQW IR 3NOGR RIRES- zfdrb%&;)\l\g‘i“qsﬁén hep
of trangkerr tagrd BectRhf I &id NAasdy haAYIbelwern tHe BattanESs, is increased to further raise
the drive frequency while having little effect on the second bending frequency.

These physical modifications of the balance bar can reduce its second bending
mode frequency so that it is lower than its first bending mode (drive) frequency. When
this is achieved, the Coriolis vibrations of the flow tube are transmitted from the flow

30 tube through the brace bars to the ends of the balance bar. This induces the Coriolis
like deflections in the balance bar that are out of phase with the Coriolis deflections
of the flow tube. These deflections are referred to as "Coriolis like" in that they

assume a mode shape that is similar to that of a flow tube being deflected by Coriolis



bar from said bal ance bar to said brace bar nmeans to | ower a second bendi ng
"nmode resonant frequency of said bal ance bar. Anot her aspectQuanudne28@®p of
| owering the resonant frequency of said induced vibrations of said bal ance
“bar by lowering the effective spring of said balance bar. 20 Another aspect
is the step of |owering the frequency of said induced vibrations of said
bal ance barfofne. tTe fiswvitss amd bdlatde baras thoprestheinvdhtpnaes peforaf ikeai dual
bal ance bar together with the praqvision,of jncreased mass on at. | east one
other por t it8he Soriels dlowmalee shgisin sanBohihe e tikes assimesa Epielis RN ng
a void in ghsheRsd tHADR ARID ARt fbsheebtdRLINES BRtub AT REURSARSHES
the step of lowering the resonant frequency of said induced vibrations of
sai d bal ancinglantulpy meter efitbeipsesent iventien can dapehs itnvsseisitbdly of agduaHubebar
at | ocations ﬁg hi gh bendi ng nonent of said bal ance bar in said additional
node. ot HEF §Spect Is the step of maintaining the end nodes of said
vibrating flow 3fhd phaseofltreobalams baycseddat bendigy ot ai@eatmrwith%@?éarto
aspect is said step of mmintaining conprises the provision of stiff
sections oftheahaspaf e Eopgls deftpclipaafl Hetlaw theirpesds sapa thaekativashigrofnot
conpri sing y. : ;
Cor ol ; s 1 i1ig Pagrar fely@Rcy Sy e bl Bavecedhd vERGB ThodSRARE flsT pRALHg
ge_ri odi chQf\bdé (@'iué@fdeq]gehoyls“ghﬁsdmhd bbhdlmgtrg@@ frefouun hyzcatgsipmbe le‘gsmm
rive node conprises a first ndj.ng, made an rei.n sai d i nduce
U1 br at Tons SRR 8P ioh arestet Tia TEotHSY beBInGaModE datva)dritisgono dangrsesoad o
bal ance bar ; | | ncy
ber@h’r@éb Hﬁ:rdegﬁﬁfédendg]ﬁs Eggfqg? Eﬁ%atﬁ%edrgrgﬁfég;u@?ﬁi‘é%bé B819RG barl éf&gHﬁ ,

of said second bending ( _ ba rovi sion o
cent er por thending mudedvibeatas irepivage withl the Clogiglibinduped vibeationrof dze tiow itetee. of

said centery,porti of ,sai d bal ance b t oget her, with.the ovi sion ,of,
ner eased: HUS arifdeSre it Eonr Blfe SatAPA BT ghben A of [P Tpa e
the step ofsdcewariardirdqhtbdechaqmcyfis Baloohe divesrddqleney itchiens distassadle of
sai d bal ance bar by the provision of flexible portions of said bal ance bar

at | oct i orlsedralanem bk secagd snding Brdsaiirates arcel peaseawdh ithe flewdube'sass
at locatio : ' '- | ' | | &hi i d .
Aot her aspeaiolisthdleds B A8 inéigRkl sfiSr hat® chif ShETAWRRIL BRAL. .
bar are 15 in phElsemétehsensitiyvityris catiuce@ovhen the seéebhd bending mufdesesiqdentpis

tube. Another aspect js a,Coriolis,fl ter having.a flowtub apted to
ece ve a. riiB B8 reh ReRdingnaE Eriva MTeBRy o helBaba by 3RF BEW
said flow tiube'saDeridtisbfibegichaindtRa baldree RAdRebad Bahding ataircsorafsn b pai d
flow tube; said Coriolis flowreter further conprising: 20 drive neans for

vi brat?@g sefiase; | dbe uslecnsepaprneensparelalive yelopiaetwiamthectignedube @andach
other at a yhbyes FREGHIAY Hia tfh%?frvﬁﬂﬁ%/e wm%hg% Yweggt‘éaéa}fhoot Be This
eri a 1'TTe 0 said b

resonant frequency of said ma w tube an al ance Dbar;
char act er i Zemwéver; bat aidusefthenibbdimdrdriniaectaird eppliqationsdilfcth€drailaridesbar

g:{ L?f;: OP fﬁ%%inr&goénrhqufé: (rar(\jocienfrgc?dednc\{liisb rsﬁffiic{é%tl];/ Ic?ovgettgl?ﬁe PlrasY Bgﬁdi% msoageddrive

frec}uency, its amplitude and phase can be made so large so as to overwhelm the flow

25 tube's opposite phase. This configuration can result in a flowmeter having improved
sensitivity.

The configuration in which the balance bar second bending mode frequency
is below the drive frequency is, however, preferred because the phases of the flow
tube and balance bar add and also because the balance bartends to balance the flow

30 tube in both the drive mode and the Coriolis/second bending modes. In conventional
single tube meters, the balance bar balances the flow tube shaking forces in the first
bending mode only. The second bending mode frequency of the balance baris at a

much higher frequency than the Coriolis mode of the flow tube. Therefore, the second

6



sai d periodic Coriolis deflections being characterized by regions of

defl ection as welt as nodes having no deflection; means for nduci n
Coriolis Iike deflections in said balance bar with said Cori HaE”?V%QO3
deflections having the sane number of nodes as said periodic Coriolis 30

def | ect’i onggp %«52% ls%tse)dcnls& idlefd sstahee%aqefwserégmngraﬁlﬂﬁ&@':dnaﬁ@fd? es

vi bration o g‘?d bal ance bar having a resonant frequency suffici ent{:y
cl ose to sheidgfurdmlancey and @ahdmgothe Hovoeteratoys20@s  patendhakiapcaolshst

defl ection to'ncreaet e ude lLis, like eflectlos
aai d bal andevBald EERTv ARA R e nS Rt Re sk i GRSy ng
an anpl i t ufiew pite R@irhending RiffhBes MBI b thiel ncninting kil s €A1 Gdricsalfykhess, on
said vibrating flowtube 5 with material flow, neans for detecting the

vel oci By othissensiliyily,shithsanngtiae presisted of 60mReAs3eoci ty of sai d bal ance
bar; neans for ﬁ}ﬁﬂs p?‘%éé?ﬂ inveRfgh gh dé-:rﬁ'?erﬁdr%%e%ahg vm%tl{d?\%&\idg%réxelilééb
| ow tube and sal

deflectlons of sa Coriolis i ke deflections o
bal ance bathe @cmbhsmnmmahé ﬁowdetoe viNfenthesecand benting niaserabelow tha drive

response tp sa e n a| d SI al s.. A furt i s means, for
ovor e+ el Ad Lebat PR el aia BheSS PR bartalEr oty o
bal ance bannet\ﬁbranﬁgtdree@@ﬂh@bbrmke Bamatseebn@ BEAiAG MRid deRBRREMNhe dRaldng
further aspect is That said means for |owering conprises added nmass in

regi o8 of etieghofviher @erielitaforaensin thmﬂOWriUbai e amlitude pkthelbalaaea bars and

bend ng. moneiacroda VBT nlectB s RIS Krc8S KPded, s Bl g 1
sai d dri vesamdalegpepof balanee farthe floentlibegoverad flomdra?€s.wher ei n sai d i nduced

node of vibration of sai | ance, bar conpr,ises a second h node. A
Torcher sspoat (Msummans heChBaRIqanela o s ar RE o s i eea Blangs o

cent er por b ARhESEhIRARIAHERLaBRIRtIESp SR6ihit &) KiR/eW st behding r6d Bdq u@ﬁ&ii on.

A further aspect 1s that said neans far |owering further conprises f i bl e
25 porlbi onthadfs lostied then and aebato is fitsh bandingsmede diva)frasjugacyf Thiaipgmitgi d

bet | v, atepaiaye YabREfe<PBRATA S riorBlis SBhRpIA HhBUBRL MR ORBLAT
of said at Cogiahd liken@efldctivh ubies ewel vﬂacldababaquar&aae with tﬂ@IGbrf@Ihélﬁ@fléwbnsA
further aspect IS a substantially straig Sth flow tube and a substanti al |

strai ght 30f haflomtebgadhisout of PRase rialidishinbatweesihe (egolinget iﬁjt’a”%‘%frt%d
portion anﬂo@z@aé aﬁﬂﬁnéﬁegna%mk@%emeemsw@ef PRI e Har ro\xe?%,@re%g éﬁe%%% A

further aspect e ste I nducing saird Cori ections
in sai2d baphaseasbuﬁroutrmIeadbyetolwysteepomnd nddoim@ sansitivity 4o floweodypllaide i ons

in sai d bal apce par, W Bosald Oarlolls, | Eke defd ectiong defini g an, [nduced
invention balances the Coriolis forces as well as the first bending mode shaking
forces.
An aspect of the invention a method of operating a Coriclis flowmeter having
25 a flow tube and a balance bar oriented substantially parallel to said flow tube and
further having brace bar means for coupling said balance bar to said flow tube; said
method comprising the steps of: -
flowing material through said flow tube;
vibrating said flow tube and balance bar out of phase with respect to each other
30 inadrive mode having a drive frequency substantially equal to the resonant frequency
of said material filled flow tube and said balance bar;
inducing periodic Coriolis deflections in said vibrating flow tube having said

material flow;



bar having a resonant frequency |lower than the frequency at which said flow
“tube is 5 vibrated; said Corioiis |ike deflections being ouj J&iuaph2B38 wi t h
said Coriolis deflections of said flow tube and having an anplitude
proportional to the magnitude of periodic Coriolis forces on said vibrating
“flow tube with material flow. A further aspect i~ that said neans for

i nducing Corioli saa@wEbﬂcaib@brions dailectidhshrimnctarbeteriged By réqi6hs BRddtRectioh
i-nducing Coriolis |like deflections in said balance bar wth said Coriolis

li ke defl ectdoWs! agmosdeadauinginudRiieFtinBde of vibration of said bal ance bar
havi ng a resonant.pf - ; GRE8N ichy.said flow
tube is vibrat ed;Cﬁfggés{gﬁg@dégrtﬁgﬁas@Wi‘gbgg{‘r{%ﬁti o%tﬁgss\gél}if@él ance bar
bei ng out of phaseduging Guiolis like defldcsiodein said balascebasai shid ddve fredueeranydn

havi n anpl itude, pra tional,tq.the magnit of periodic Corioli
fo\r“ceg % s;}léab?/'?ﬁ ?‘?15%“1 ﬁ??ﬁ%%%“ﬁr?‘ﬁﬁ@gh“gﬁi%ﬁ owl.o Dlesclri pti oln. o:‘ St he
Drawi nas The abovgajd@briRhif ke dsiridRieayifd theRanfeaRinb&of Abdé18s i;a_naﬁgﬁwe

may be better 20 understood froma reading of the follow ng detaile
descri pti on Corolissiellegkibng i n conj unction with the drawi ngs in which;

Figure 1 is a vegq 1,.8G 0 I LQr e u i oLls [l er.

Fi gure 2 discl oseésa%acgé) A f\fri% @?@Evsq'tobgeqeqé%g%# W& s@ﬁgggéf @Etﬂﬁ'@ﬁ*%&

flow tube. 2fmlém@ubar Havhgal mseﬁarﬁthm(ﬁmnicplsiJBicfeﬁmtlyebs&ﬂplth@(ﬂ?etqqﬁhd}??ff saiw )
se, of the flow tube

tube of Figure 3. Figure 5 discloses the Coriolis respo .0 )

of Fi qui 5 peiglis CoROlR RIRGUaEs B 6RreasMD AmBLUBROf SHRLriousHES B61ICqHOgh o
7 and 8 di sghesfy bAen&ebap! i s vibrational characteristics of a single tube
Coriolis flowreter oP fhe '‘present invention. 30 Figures 9 and 10 di scl ose

f requency respons®i¢uCorslisofike hdeffectioneter saifl balanpe esarnhavingeani amplitude
Figures 11 and 12. are vector diagrans.of the single fube Coriolis. floweter
of “the pr esanepPiisBatedfE Mpanftldgb AR CoRiE 1oes pL e y b Buo W
mode shape afdtdinflowg nonents of the first bendi ng-node of the bal ance bar
of the present invention. Fiqures 14 discloses the node shape and bendi ng
nonent st®f the sedalpetingethe YRjosief sdidtfipw Beawitle respech o sail yelegynef said

i nventi on. 50435%5345 di scl oses an enbodi nent of the present invention.
Figures 16 an Isclose the vibrational response characteristics of the
Coriolis flowret egerarafingsigeald feprEsemntireg deid wbledityad eaiddlovetibe mndtsaidevelocity

enbodi nent of, th riolis flpwreter of the present invention. 10 Figures
19, 20 and ﬁ%'ib%getqﬁ‘ mcgrati onal characteristics of a conceptual
strai ght tube Corddnvirsg fihfoYBlEH refa@iicP $aky flowig Rthtddaldins el Ase to said

vi brational characteristics of one possible straight tube Coriolis

fl ownet2d ofgenesralipreebsidisiBigiti on. Figure 25 discloses an alternative
enbodi nent of a Lol ] t ' cRWﬂ@: 1O 1 :

i nvention. Figur gA) é%lﬂé!' zagﬁ%étgfésg@ta&‘ré?f;ls?e} P f i%e gél%@g{@ﬁ&gﬁl%{?@@%cet?gﬁ
i nvention anidcludes the step of inducing said induced mode vibrations having a resonant

t

frequency less than said drive frequency.
Another aspect is that said step of inducing said Corioclis like deflections
25  includes the step of inducing said induced mode vibrations having a resonant
frequency greater than said drive frequency.

Another aspect is that said step of inducing said Coriolis like deflections
includes the step of inducing said induced mode vibrations having a resonant
frequency substantially equal to said drive frequency.

30 Another aspect is that said step of inducing vibrations in said balance bar
includes the step of extending forces indicative of said periodic Coriolis deflections
from said flow tﬁbe through said brace bar to said balance bar to induce said Coriolis

like deflections in said balance bar.



having a curved flow tube and surroundi ng bal ance bar. Detaited Descrl pt| on
The method and apparatus of the present invention overcones toh

20 low sensitivity in single tube floweters by the provision o ba ance
bar that anplifies flowreter sensitivity. In order to understand how this

is done it is necmsstpey abPedtnslenst g sicpe ﬂ&ﬁm&m@fsaidh@alﬁﬁ&é Bht ﬁwcfu@fe%ﬂh@”
the flow tube, the distortion this produces in the flow tube, and how t he

di stortion r&tepmoé in phase shift al ong the flow tube. ' 25 Figure 1 is

| at er descri bed i f i | ~vel pciti es. of
the fl oweter of i Xéﬂ:qs ghn %5 8%%@ lgwﬁgé S@&%@é %@b%ﬁé]@ﬁ&?%ﬁ/ﬁ? gﬁﬂ‘?’f‘i&o@ﬁi al
is flow ng ag fidx 4 fiftstlefd of auirhes ehpsieansegarabout its end 201. The Coriolis
force per unit length of tube 202 can be derived fromthe equation for

Coriol i P accel er {91 Asesnnad radobsaid brage b@ronwn%lsesmé@@bﬂl@m phyriddiystbe
expressed asg d;:f’\t ndue %a@‘)’r | O?I\é m(lgcd'e(leec@dﬂ%% %E\Ei"t?ilé’ﬁéé Yarl3 10 January

2003 v = flui OCIt e expressed as: F~.= MA~=2N1
((v x v) 5 since Ahmlhdr%peqwk thaQaMi steplaﬁlmi!umagsard Corfidlisilide defisstions An §aid
tubeflowareaqan | engt @1 cV X V) F~=2pA~(~Xx, Vv.)
10 but: pA-Wikr ?ﬁps?sb?rl'ﬂ‘&\ﬁfj?ﬁ e,:stgp& fx o/ The Coriolis force F~ is

uni form al ong t he’mhﬁ&ﬁggaﬂf Cgﬁaﬁ AR 8n §§‘|‘E|kbaﬂlé’ﬁée elr ot Hts%cglq@bhﬁdmg

rotatlng at the sane rate an nmass lowrate is the sane th roug out "t he
15 f| owl @ ubemoBed@vinga séanmsink frs quanayraubstagiialyueeuad 00 saidadrivedrequescy;ang vot

Fow tube 300 i s POAIRASEREdpndpatRs metnbRERRL YRR sPin Rt S Gt
resonant fr elijecdeiloctibhk i aig bialatice diak ahg sevdnid erdiriemode rédanamt frogoergdy oft -

As the flow tube %@Fses through its stralg t (zero 20 di stﬁ*Hacerren@)
posi tion 3035&idkA a@arata%amhkudﬁamate ap the \iprgtiRal aaRjifdecotsais Goripis

hal f rotat es GIRLRE O SEKMAE IR i BLIRRSCHRGICASRARSN iGubige’ S center

is 14 nuary approache he center does not but
nmerely t%ansl at esAndther appemtai; thii stepidb itansfierrifg Berdftective Sprimesf said tatarfdeow

tube 300 as |t asses hrou z ro. L spl acenent i S shown ure 4.
e ot or | sbaFan R bagne Baf fsaid biie i Mrans indovin 2 Rernlbenichil ook
tube rotati Ofésghéﬁpﬁé@%@r& S2RPPShh&a bdhe Coriolis 5 force dimnishes to
zero at the center becausé the rotation of the tube dimnishes to zero at

the center. Anot hAnotngr aspegtfis theessie oblowesiag the tﬁsanantjrw@@czobsmﬂ irupede 3
e oot Aibihyat 27 o@bnBl BHE 6y Bchinb 1AL <lfb B! ddiheldfaei Rl aflarEaf o

rotate contlnuous ever Ses dlrec rati on
directiam r ever saAnonHee aspécttis thestep of lbWerdrgy thedratjuehey Gbsaid indaicédvibeationst he

e oW D S eh S B Tad oo s R RS, o Sk GREd £ S
together with the provision of increased mass on at least one other portion of said
balance bar.

Another aspect is the step of providing a void in at least one portion of said

25 balance bar.

Another aspect is the step of lowering the resonant frequency of said induced
vibrations of said balance bar by the provision of flexible portions of said balance bar
at locations of high bending moment of said balance bar in said additional mode.

Another aspect is the step of maintaining the end nodes of said vibrating flow

30 tube and said balance bar in said brace bar.

Another aspect is said step of maintaining comprises the provision of stiff

sections of said balance bar and flexible sections of said balance bar not comprising

1

a stiff section.



maxi mum occurring as the flow tube vibration goes through zero anplitude
*and maxi mum vel ocity as shown on Figure 4. Zero Coriolis feofggupeeeR063 on
the entire flow tube as the flow tube reaches its maxi mum vi bration
anplitude and zero velocity in the 15 first bending (drive) node. The
“frequency of the sinusoidal application of the Coriolis force to the flow
tube is 'the same Apthdeadperfiisedfy CatioMlikeddilectiond ek BEidMbARELBar AraNERItYof
the flow tube's first bending (drive) node vibration frequency. Flow tube
300 bends i nPhasepyitistherreriogic Geriglisdietieetinnsofisaid Hpwdube. shown in Figure 5.

The solid line s L.ar. r : i.n_.20
response to the CORBTErPENEEa LY AR RoRaR LR a4 petEide PReb BT Pueer
di spl acenmentsaid indueednibrationdet saitd dattaebdrhridonepriseotve $dvendhapdinghaoctie ot
takes as_it moves up\/\%rd t hrough zero displacenent in the drive node. Note
that thedonl SAIPERIRNCBRAhe flow tube that is in fact passing through zero
at this instant i ] i ; Tr A I
simlar to the se@o&r%g&bﬂgﬁgfﬁfgg tﬂ%égpsﬂg&”méﬁthﬁo@geiéﬁp?%ﬂeﬁgﬁF@td %aeb end
coi nci dence. baiiing medaehssid brlarice baebytiv proviglongpfeoeknter partien df said balaaces

nop i ed(t nebdr el aisy e BERN ) cBOh s s sethep ot ad biithEebars
bei ng exci t eggbiherwithahé prvidiessf intreagbd niedsoan hsh SRIROSIG ARG BEHtBOpSiEiBANANt

frequencg, thi's Coriolis caused deformation of Figure 5 and the Coriolis
force olOFi gure Aniberaspachindle sigpiah layerisgaridraronantireguenayeo! said second

therefore as i [ b CF i

it s 3051 n P ngBe R BRA Klarc Bl By heiolibid GHIRSRIE hRofs SPs AT BifRCe

super i nposesbars Idoations pEhighdendhguinbmant ohsaifl balanoedbdr vl inbeaded werss at

vi bration of, Fi gure S@Thhs is Fho n. Fi Hre 6. ,Both.vibrations occur at
the first beRARFRPSRIGUONY ratlfga\]%m\é\ﬁpgegm% Ferord PERgINGI9% hut t hey are

phase shifted frotnRAehasplebel saild OordlisYike eeflesfons THGuES in@aicbalBRicest are
di spl acenent” maxi mum (sol'id |ines) occurs when the first bending node is at

zero di $pl acierphase atitrife ferigdigddonolis selioetionsi of s@idfewddbent becomes zero

when the first bepdi i.S : ! i i .
Figure 56 is ana%gggg%%%&!sgﬁggn% *rllmtdﬁggé rﬁﬁvﬁgfgg@gvn@g%%%gda@%fw? he
fl ow tube i naseatédul flawy, @dlahdesbatedrientdéd sulsstanialiyoraralislad said fidve tuben@nd kow
tube 300 crosses zero axis 303. At this tine, t th{'s time onl

/ and at |, 1l 'y, the
Coriolis forb@sedind meANSIPL CPHAIYe82IdP3IaREE B3E taceaid: Moy dukeinsaid Coriolis
anpl i t ude. i .or Figure 4, the Coriolis forces dininish
and ul ti mat éﬁ%ﬁ%gﬁﬁd%ggmﬁgﬁi'he defl ection of flow tube 300 reaches its
10 maxi 20m i n ei tdre meanpdar dbradingdaichlawdubie raret balancaétbar loiug of phase with
vel ocity of the flow tube is .zero and s re e Lied ri.qlis forces
and resul t anteSeEFt t8lqa§Hd)$tPEfre%ttef 8“‘.’8 &? ,%at i é?rﬁﬂggﬁa%lgut&%ﬁf‘eﬁq‘ysequggi?oﬁge
shown in Fi grsenantieeduemcy bhesidirdatetidl filleddion iubedendiaitiitaldidemsarf r equency
as flow tube 300 is vibrated sinusoidal Ig inits first bending node between -
i ts maxi mum posi téhpsagiarizeskigdhat eaid snelRed Buthesinclydes:ne drive signal. The
anplitude of the ol Y i : i I |y
exaggerated for c a{c%o?&y?éqﬂ?@é&ﬁcﬁtaﬁgge?\ Qﬁﬁuféehaﬁ %amﬁnﬁgg@tt g%g‘taﬁ@tg
anpl i t ug® of sailendteraltflowendi ng node of flow tube 300 because the first

bendi ng node is dri.yen.af. e. .es fr n of . the .flow tube and.the
Corof Vs mode. 1 S Poratie CoFiqlS ERPRG ons W iR larieBE mulaRbiohd 3F p2Pioh
figures are gseoalilay fleevagegrd éstlectionhe phase del ay associated with
material flowin prior art nmefers i s the result of the superposition of, the

. S.th . , )
first bending (drPgans ieuEdaRst Rarielss gy deNgeansein Saichpalanee bar vih eaise.
In Figure 5 pbign : ifd ' @Fﬁ&{ssgs %6 Orioli
di spl acenent C%g?lgﬁ:lnefgf‘dee?%@@berﬁ;@%\{xgg%g%@b%ﬂrﬁ%ﬁcan ee saigéﬁt atﬁ)dt hegﬁl%l%st
sensor 380d i deflexfonsit put vol tage | ag the phase of the right sensor and its

out put voltage. Cg i, e 1L . sal ri S

| eads the phase O?aﬁéfﬁ(‘éc?rfoé%thkgeﬁg@érh@h?Odé@ep%\agré&gblaeﬁ }é*rbgjﬁcépp%’ﬁﬁﬁ)ﬁe%g?g/)
i s proportiopalant®bhhkadnphiresoieartfradqoenEpsuititicatly aibsead sdicpbaeseef sald ch
is) in turn, praportional to the mass flow rate. The present invention

i nvol ves shifting the frequency order of the various node 30 shapes of the
bal ance bar. The vibration nodes are defined according to their shapes, not
their frequency order. The first bending de will hereafter be referred to
as that shown in Figure 3. The second bending node will be of the shape
shown in Figure 5. A useful rule is that the node nunber is equal to the
nunber of nodes 16 10 January 2003 m nus one. The first npde has two
nodes (at the ends). The second has three (at the ends and in the center).
The third bendi ng node has four nodes, etc. In conventional _single tube
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Figure 1 is a vector diagramdisclosing the vibrational velocities
generated by the conventional single straight tube Coriolis é‘IJowmet Sho S
represented in Figure 6. The response of the flow tube at th ?H&H

vel ocity sensor SR is vector 103 which has 15 a | eadi ng phase, ~ tube,
represented by the angl e between vector 103 and th axis 102

vi br at i onaPey@ 'e&qrgphgfdeﬂﬁehmtawwe%ﬁthesarne tu ﬂ|°?§ 9%%'%%8&%‘5?“%@5% s
102 since %nﬁ% is not affected by the generated Coriolis forces
on the flow‘f‘%@@a The lgal ance bar vector (106) is shown along the real axis
102 and is enti shiddCorigdic Il 'detiaetionsc obrsaidinb@anedodr| baviegban aamplfatiance
bar velocities Vect or., 105,20 angl e c~ =et ting
Che combi nBPREiTR 1o ahe Srastius i Fardap Cof BB e s Snir S P EERS bar
Not e tlmat WWih maferiahfiow; angl e out of the right sensor SR s Iess t han t he
phase angle for the tube al one. The reduction in ghase angl e (and
sensitivity) i smeaastier datecting thevelpeiisel said flewds ‘PM@W%%&O paiel velecity
convent i ong# sél'drlﬂlﬁ'réé@% neters. 25 One enbodi nent of the present

i nvention, shown 1n Fi'gure 7, provides a bal ance bar whose second

bendi ng mode remmstfofgemmahngsngaalslregretsle;atnb@tsawridmedfcr@csiolllseireﬂemtgmsmﬂe

dri f . T Corioljs indyced t | t ube 6D1 it
he ' second SBEri bRt saic e iR s TBatoroe S RalmngF baf e bar o 603 and
604. e anplit peeyfiol H@rlﬂﬁgWéna’laﬂouﬁﬂ?orkﬂatﬁfoﬁtrh @ébddﬂrsbtté sﬁiﬁcc_ffeh‘éré?i%ﬁdjfng

nmode 30 is proportional to the Coriolis deflection anplitude fl ow tube
601 and t hgsid sigpdleportional to the material flow rate. The vibration

anpl i tude of bal igur.a. 7.1 al so
2 Funct i on of '+ AdUCOpEASPrale blehain BHENHs MY MssHalhienahel bl o2
frequency anstd be vibahtog &f aiid dakere benth agvaiveapproximate faenudrsaidive~ v
~ vU /I / 11 |1 resonant frequency. The closer the second bendi ng node
frequency &EAGHRBCHaAl ance bar is to the first bending node (drive)

frequ y, the qr ,@ém.ig bar
in |t§lr5§econd bg\n rilﬂg;%rrrr%g % t|htsak(“r§(a§l aﬁ{e%hgﬁlagh?s S oaﬁqﬁlgdse gﬁcpﬁ{a%lgﬁgure
9 which is ragrgnaph h(gh vibeaticniat amptinae iargalid Codelinfike Hefldrdions @adamirises it s

db th t to th b the f t b
mode. (dri vOPREILRABIALS SeA S ReaREb b gt 02 &b T oBaAaR oRBHCoT S8tnant
frequency. CUmRIX liRidefl8BHondldi cates the ratio between the first bending

node (drive) frequency and the second bendi ng node resgnant frequency of
t he bal ance bar A fitidey aspiest isohat sgid é’élé‘ﬁtf@oqehéo@rﬁ’ﬁﬁi??r pdiggtikemdingcmede @ndt he

osport | AR A0 {ARLARE A o Heratth oo halinoE Ralr cbiRBrEgt 4R een

the drive foeadirgopdand t he second bendi ng node resonant frequency of the

bal ance bar is 1. The ons 904 o he bal ance ases
t owar ds zero fr(]ﬁarf §fﬁﬁ&?ﬂuﬁrﬁlha§5%'ﬁ§? 8r |8f'vet”H8thf rFPE‘(ﬁ’u’éﬁﬁ?é’Q'de fure
9 becone grp%?ﬂllkﬁ{aﬁdi'ﬁﬁ ai'ched mBss @ﬁre'a%'s%é65§m6$@|d3éeﬁtbﬁp&ﬁbﬁnce bar also 15
decreases fromits maxinmumas the ratio of these tw frequenci es becones

| ess than one. P §utheroaspashds thattsaid éneane ferloweriagisnbeesompaseefiaxibleel v
I ,ad D t | it
e b POo ¢ HRARHOe B it auBhs BRAAEE SRR of (id 8%?@%8@%@9

601. As subsequé’ntdrghedmpechedhattdmd ﬂe)abkerpmﬂoembmﬁrirseabeﬂﬂws he present
i nvention o_pera tl'\ee Corialis fl vvrreer E’F nﬁl%.b\% H\h{l
second bendi ng é?&ﬁ‘a‘ntt's f']'e&ﬁ‘ﬁ PNy Afigg a/e ?SPH%%O ical ?QFt

bendi ng nDthe(ﬂHWVLﬂ)e Hh@ GHRINSManddNBEr inSS#idbetbdr, ons the frequency ratio
is slightly greater than one. For another embodinment, the ratio between the

two f requenC| es A‘rﬁ*ﬁhﬁ»’é asppefis ﬁy‘iubétélé‘“@'i‘/a’ﬁr%@?ét floxf tubgand sHostantiallceiraieht s
flommeﬁ r | d so that it's response 904 on Figure 9 is slightly to
the le of a scrssa 903 representing a ratio 25 of 1.0. The phase of the
bal ance bar secodhndutesdasgeatisia Nowrtabée dvaviig & quregrbpdriica drvk apgfedaeceobat he
Coriolis deflection of the flow tube depends on the relationship of its
second ben ‘H@“ﬁ%&@“%%% W@HF frequency to the first bending mode (drive)
frequency as shown in Figure 10. Renenber that it is not the drive node
that excites the second 30 bending in the bal ance bar, but rather the
Coriolis deflection of the flow tube which occurs at the drive frequency.

I f the bal ance bar second bendi ng node rddonant frequency is higher than
the first bending node (drive) frequency (ratio less than 1.0), then the
bal ance bar second node vi brates in phase with the flow tube Coriolis 18
10 January 2003



vi bration as shown on Figure 8. If the bal ance bar second node frequency is
* below the drive frequency ~ (ratio greater than 1.0), themJenubey2088e bar
second node vi brates out of phase with the flow tube Coriolis vibration as
shown on Figure 7. Wen the bal ance bar second bendi ng node is out of phase
"with the flow tube 5 Coriolis deflection as in Figure 7, the magnet and
coi | of |eft velQghiktyorsapaefis Hatod bebadiddi@inl i CorRstis Wk BEfIEYtionsin $aid he
magnet and coil of right velocity sensor SR both |lead the flow tube
m dpoi nt. Thalag¢ghar inslidsathe stepaafindusingonielis e geflecimpsiin saighalaaceddunced
by the zero phase shifit .of e.bal ance r. (Fi as.in pri. [t
1 ownret or s WER ST SHSVE.IR? 05 GRS AR d AR ol Bed oh uBtauel abaipbe Bhbe
second 10 h%]dimggad@sém fidausnty pwiee tim the ferneacy ahelieh shid flow tde ibe
greatly increased by designing it so that its resonant frequency is close
to the ®rivdbft@duency. This results in a large increase in flowreter
sensitivity. The diyagr 0L 0t} : ] i hal ance
bar second bendishééscr\% e°"fd‘r"§gl?§ﬂ%{§%s’lf°g%¢5’%2?%'33{5?%%&@%@2%9%%&%@%
(drive) frecfusaidfloinstubs atuovaving aRiagnplitudel propodionabtoi the Mahitudp oé periodict he

I | oci , t of.a. tor,. Th axis, 11 ts th
| mgi nary cotmaRRros on Soefylatingiowtbe b bttt Ty “Vect or 15 1103,
The flow tube vehGaith¥r Wepe& s thatl 484 MBans #r ifdlciRg CRMs ddfectiepessai ft

~ tube of the flow tube vector 1104 is |l ess than the phase shift ~bal bar of
t he bal@ncebajance bar 6emp1isgs: The net signal out of velocity sensor SR 20 is

the vector sum ( i e}. b C ] QW
tube. vector  Lro4megns 5r ndBEhg SifBlistie FEiGe B sRr b SputdpA I 2oiE

vel ocity segsfitlisSkke deflectionsadefminghas endlideidemede of vibrationvéft nid @apeek B2 t he
x axis. Since the net phase of sensor SR i|§| g%reat er than, the phase of the
f1 ow tube, R&VIETFemaanaptfequerey Iyverdhandng eauepcy ahwhichsaiy flowatwbens
prior art ngpeftegof Figure 6 whose vector diagramis 25 shown in Figure 1.
Figure 8 shows an enbodi ment where the bal ance bar second bendi ng node
frequemBy is sligditdlGoridisviketdefietiions inbzaidibalgnne der being eut obphaseoyith Faidw

tube 601 angd _hal anc ar 602 are drivyen o of phase w th each .other in the
first bendi HGTABHBSTPELE Part ot b arh bl hoTae @p P Segpar o becon
bendi ng nodgaghfliide eRpansdid Cdrtiis fuRebhisaidlibRARY ol 1a6E WithsRASALDIdW.he
magnet and coil), to cancel each other in phase. I'n Figure 8 the conponent
of the right velocity sensor SM&MEB&EQM al ready crossed zero
(1 eadi ng phase) I | ° f t
crossed zero (| aﬁﬁ?%&%ﬁgé‘é?m&%@%?ﬁgsga@%fééﬁe"‘éc. fgf/% \Sig\é%{ogmg?ye@%%%ﬁ 19
10 Jangary didérstood from a. feading of tiees fdllosyingdetdiled ddseristions thiereud| thRig in

output, the phase.lead and |ag tend tpo cancel each other. The sanme hol ds
true for Ie?&“lgﬁﬁwwgh?hQ'HéaV%Bgﬁﬂw €ha reduction in ffowreter

sensitivity. Figpigardd i lal wetdraliggraiier ¥ ebpartafdld BB Ctiolid ibataRse bar
having its second 5 bendi ng node Trequency~slightly above the first bending!
node drive frequEigsye 2misclosgsor retativgflewrtubeos of the right sensor
conmponent on the t i : X axis 1202 by the angle ~

, "be. The vel oci Fyu\?gevgt%‘gaﬁ%sggﬁgﬁn {I%'%&Sensor conponent on the bal ance
bar is25hown in Fheré duistiospmheaDoriatisdorcesapplied td therflowhabe chFigirdB. t he

angl e ~ baf bar The vector sumof flow tube vector 1204 and_bal ance bar 10
vector 1203 is vg&%‘? 1 B@O%‘?ﬁjthetc?gaﬁfrpgg?nﬁ‘er%fﬁﬁ?HBWSUQQP_@F'EE@Z&W t he
angle ~ ~e,. As Frurd® §i€6Bsed Aetrarht RNASEoAblisRRfmEted. 205 is now in the
negative fourth guadr ant. The bal ance_bar negative phase added to the flow

tube positive phhigtremé apdddisclese thedeerolisydralienal charastesslics of asing)s tubs o

t he negati ve .r.epd i I s is that positive material flow
wil | resultépﬁsg%ﬂﬁﬁaﬁggigdhkﬁgégﬁﬁ'%ﬂ%ﬁﬁggative direction. 15 This can be
dealt @0th by chhiwireg dtdarel i disclosetfreuendy cedpesé cowes af the flowmeteenéthes .
anot her reason why havi ng the bal ance bar second bending frequency slightly
above the dPFV@”f%B&G@HEy is less than preferred. The configuration of
Figure 7 in whichidiigs Rlace ArarverfsraiishraRfatiige SRS uﬁweeeeﬁ&rsmownél@rew
the drive node frequency 1s also preferred to inprove flowreter 20 bal ance.
In this contheyaresenbmvehtioGoriolis force on flow tube 601 can be bal anced
by the second bendi ng node response of the balance bar. In conventi onal
single tube Coriolis floweters, the balavge bar dynam cally bal ances the
inertial forces on the flow tube in the fiTst bending (drive) node only.
The second bendi ng node of in the balance bar is at a nmuch hi gher frequency
than the Coriolis deformation of tha flow 25 tube (which occurs at the
drive frequency). Therefore, the second bending node is not excited in the
bal ance bar of prior art single tube Coriolis flowreters. This results in

- S~ - r o ~ o .



deflection of the flow tube, the vibration anplitude of the bal ance bar's
second bendi ng node increases as the Coriolis force on the f] ow tube
i ncreases. This provides the same degree of dynami ¢ bal ance '‘G4&anugmy 20080y
rates. Thus far two enbodi ments have been di scussed: that having the

bal ance-bar 10 second di de frequenc bove the first bepding pode
(drive) f requenc;:/r"-'gét%\'ﬁS Sﬁa'sﬁ{g’gPéF 0@%%6%%%?&%&@95&8%%@%&5&%%
second bendhﬂﬁﬁ%gfﬁﬁmr_&%Q‘ﬁlré%ﬁtfr{v’éﬁﬁorﬁ?endi ng node (drive)

e thir

frequency. ] possibility Is having the two frequencies equal. This
i s possibl e, andFigurehdndiscloseshtia mogessiipecand bending evbreabisdifrtbaisecond

However, it,has. one ] he,f | bal ance bar are 15
both dri venbleﬂaF%%ngioﬁiq&%%%b?%agﬂﬁtge(%lséc'ﬂt?fvse%ﬁg\?\i equal to the bal ance
bar secgnd bendi Fguredis diselasenaly pmbbatmentsfahe predane iventign.of the first
bendi ng node changes with the _dens f the flow ngamate i al because the

h j t ne .

mass associ at ed WIHEEHE MW7 gﬁétoé\ﬁ/alﬁae‘éb'ﬂi“?'ﬂatrﬁé BIR Chgrastersties Pf g ng
mat eri al . HeWRRE flo tgfggpr@[]gy1%f the bal ance bar second bendi ng node
does not change significantly wth fluid density 20 because it contains no
fluid. This prodifiggedsdisclesesoan alterativhembedimant pf bguegrisilia dlopmatarot dinel
second bendin h.for only one nmaterial density. For lighter naterials)
t he bal ancepﬁ%)fenm&%'oﬁ‘endi ng node frequency is below the first bending
node (dqoi ve) fredigney 1@ndofapd Jledisciese tiwd eibrational ¢haractebisties éffecdnceptual
bendi ng node (drive) frequency. For light material, the flow tube and

bal ance bar straight {ltg Gogok HowWmelffase 25 in the second bending-Coriolis

de; for the h toy i ' i j : ;
bendl g Cor1 ol i 5 IAHES arehar oy BT yibTBASE Cna Bl PRUSE DTS Rassitle
vagi efs gr eatstmigﬁtttkbé@bdo!isallogmntértqf_th@p_redehembaﬂﬁmce_ bar second benlo:Ii ng
mode frequency is.in t mediate vicinity of the drive frequenc i gure
0y Thi & shi 11 n g GRS RIS R el YAl e BROUaTRSE R4 Sris Al dubey
based qB fr-agupRctkr oPthd a8y ihvdRlondi gh flowreter stability) the best

desi gn has the bal ance bar second bendi ng node frequency far enough . bel ow
t he first. bendi nFigweLaidisclesena Eotipkig flewmeteriembattyingthie presand ihveotiernandd

fluid densi hépffg:@n%égﬁﬁgFopftJb'éeﬂ%eM&ﬁbﬂﬁfgg g:}mnc%g?r}anuary 2003 match. The

best design equencies ¢ enoug 0 excite the bal ance bar

inits second bendi ng node) Desi gnDbedikid Bedtxdptiorrcedi ng descri ption has

dealt with the desired relationship of the secaond bendi ng node frecgiqgn(raf/ of
Br% ed

the bal ance bar tldamethadand apnssalys ) theeresant ipeentios pyeramestihe PR

enbodi mpnt g i i, O el ow
the 11 P0r b an e ERgFaf L (o aBRA AR R Ion BREBaaN < ba AlaIRES
not cause t flewmetef isegaitivity. edn tarder e sindekslant howethisetsodeneéridinegesasdy to

frequency bel ow t.he first_.bendi drive freguepcy ,is_ a,unigue,. .
situation t ﬁ'é‘tdeé%gr@d\/\%‘ﬁl CRtgg of Rﬁ%@g’?"disef”%é’hd@‘?i fiow SuBa e deiStian, thig o
s 1 0 acco?swbd@cmdnftpéIﬂaw.tuB'@,eartdIWowm @istorfibratesttt a1 phave dHeR apAGthe flow
frequency of a vibrating structure are nass and spring rate. The equation
for resonanltUt?‘?-equency is: KmMWere: 15 k = spring rate M= nass In
order to& get theg; ! i i
bendi g made (dr 10y o f Baen s R o TR o el MR
bal ance bar of hize flosetendisidgiites6f i r st bendi ng node (drive) frequency and

| ower its second hendi node 20, f requgncy. rLeasi ng,m and [oweri,,n
spring rate (stifrousss Y0 adnoe 208 TRt WG T8 TRufE o Refeias
resonant freguatioekwideataReRNEnd20 0] ThHe DiRlisrédBér Uri IérfR bf fubarok lkan
first bending node drive frequency requires that the nass and stiffness of

t he bal ance beagemedsamsithe gauation L apRlisAcCABRtICNA. #ift Bewians lieance in
one nodg than thegtdiar ' fifeé%ﬁé ddy &4-eas of |ow vibration
anplitude has litt e&%Sacg%%?é ﬁa&ewi S cfﬂangi ng stiffness, k, in areas of
| ow bendi ng nonent has little effect. Figures 13 and 14 show t he node
shapes and bgndiry (mppent $ipgrams of the fir nd bendi ng nodes of
bal ance bar 130i. I(n or der t)é‘ soften (I owe“jr) ali]byﬂaqtqﬁ%%ggcond bendi ng node
w t hout softening k in the first bendi ng node, bal ance 22

13



10 January 2003 bar 1301 stiffness can be-reduced in those areas where its
* bending noment is near zero in the first bending node and hp génuany 2068
second bendi ng node. Dashed lines i and ii of Figures 13 and 14 show t hese
two | ocations to be 1306 and 1308. Lowering the stiffness, k, of bal ance
“bar 1301 at locations 1306 and 1308 has little effect on the 5 frequency of
the first bending node of Figure 13 sinceg, LhgigfJepysitube is relatively
strai ght and has a | ow bendi ng nonent in these Ioca ions in the first

bendi ng nod&oriblis Fpordeckeman petdxpredsietifasess and | ocati ons 1306 and 1308 does
not effect the first bendi ng node (drive) frequency. However, as shown on
Figure 14, Ecatl ﬁﬁg/a d. 1308-~.have a hi gh bendi ng nnnent for the
second bendi fig { @heti nY )10 t N =sHuid fmasss or spring rate of the
bal ance bar at its Iocatlons 1306 and 1308 | owers the second bendi ng node
frequency. The first bending nodel frequency of balance bar 1301 can be
raised by increasing its stiffness in thQ§e @“ﬁ Mgpre it has a high
bendi ng nmonment in its first bendi ng node ané ere the second bendi ng node
has a béndi sincedhaiciM aedr, (15 zero. Line iAj=o0fbe&tlguraread shows this

| ocation to be 1307. An inspection of Fi qgﬁ@ é %d 14 indicates that at

| ocati on 1307, bal ance bar 1301 has a hi o Fﬂgtnnnent inits first
bendi ng node of Figure 13 and a | ow bending nonment in its second bendi ng
node of Figure 14. Thus, a balance bar that has an increased stiffness in
area 1307 w | gher dr frequency while | eaving the second
bendi ng node fqegZéﬂgypﬁ flﬁl Ve 14 unaffected. To further |ower the
second bendi ng node frequency with respect to the first bendi ng node
frequency) the mass of bal ance bar 1301 can be increased in those areas
that have high anplitude in the second bending node and | ow anplitude in
the first be ng node. This is locations i and ii on Figures 13-17. Al so,
decreasing tte-25) w4 @ theW)ne iii portion of balance bar 1301 on

Fi gures 13- 1Z€ralses the drive.frequency w thout inpacting the second
bendi ng node frequency. Since, as can be seen on Figures 13 and 14, the-
vibration anplitude for the first bending node is high at |ocation 1307
while t |brat|on anplitude far the second bending node is |ow, as shown
on Figu 1$’ Thus, renoving some of the mass fromlocation 1307 of the 30
bal ance bar raises the drive frequency but does not affect the second
bendi ng node frequengy. Figure 15 show an embodi ment of this design.

Bal ance bar 3.stiffness is reduced by r al from portions
1508 and 150@4%'4’61 tMer side of its cent erﬂm%é‘%ofr%ﬁ%faery 2003 bar 1301
stiffness can be reduced in those areas where its bendi ng nonment is near
zero in the first bending node and high in the second bendi ng node. Dashed
lines i and ii of Figures 13 and 14 show these two | ocations to be 1306 and
1308. Lowering the se#iffness, k, of balance bar 1301 at |ocations 1306 and
1308 has |it E% t on he 5 frequency of the first bendi ng node of
Figure 13 singe'f be is relatively straight and has a | ow bendi ng
nonent in these Iocatlons in the first bendi ng node. Thus, |owering the
stiffness and | ocations 1306 and 1308 does not effect the first bending
node (drive)_ frequency. However, as shown on Figure | ocations 1306 and
1308 have a HheRotelisdpreg ﬁmﬁr\émitormlomweé%@}h@fg&ﬂﬂ% Pegryise eprlipart obiube ng

10 the stiff

and 1305 1 oS RSB BAE Alo kS IRFRBRCRINFaigis We saRehiaithole iy
frequenty offldvatubbece bar 1301 can be raised by increa5|ng its stlffness in
th wh dt hi gh t f t bend

and whor o the. eddBUICARE REREN IR BBl el biReie PHELReS SAshanccite
iii of Figurghddoshaws fl&@ﬂﬁ\!r%&ﬂld}ﬂalt&&%@wd 30 FRYPRGL 30b @fwb'?éﬂﬁrtﬁﬁ

13 and 14 iridicates that at |ocation 1307, bal ance bar 1301 has a hig
bendi ng nonedriver B inttse first bendisgdnede ﬁb@mraﬁpnanbfte@emyahi@ a guiay s:témilwigle

nmonment in it d 4.

nas.an i nor Rl BrU8n T s nst JR4 Fod paSoS, el AR Sus@be fedlecy
whi l e l2@vi n@splbeemem)rpd)sb@ﬁcﬁomdcbmd@afdseq\sdeﬂytaKO'otéteEIcgifkatsb‘lwbltmTté ﬁgtned
To further |ower the second b i ng de frequen respect to

first bendi ngphbeleles equRiREsoc ﬁt"ﬂ%e ‘ma edptaélgﬂan%%}/rsgee 1a§01h£éHb%é ‘ier'i‘(':?'reﬁsed
in those areas that have high anplitude in the second bendi ng node and | ow
anplitude in the first bendi ng node. This1fs locations i and ii on Fi gures
13-17. Al'so, decreasing the 25 mass at the line iii portion of bal ance bar
1301 on Figures 13-17 raises the drive frequency w thout inpacting the
second bendi ng node frequency. Since, as can be seen on Figures 13 and 14,
the V|brat|on anplltude for t he flrst bendlng nDde |s hlgh at Iocation 1307

N r o o



20 frequency. This can be illustrated by assum ng that the central section
of the bal ance bar 1503 has no nass and.the reduced stlffne J%qﬁﬁf(&k t he
bal ance bar have no stiffness. In this nost extrene case, e %
.section of the bal ance bar can be conpl etely negl ected and bal ance bar 1503

behaves- |i ke two i ndependent catllevr ns 1511 ( Fi gqur 19) Thef I st
bendi ng (drf? Wfaﬁ%%cg s 2 &ePtRin ‘P%sbl@? rp%&gﬁ?lblupgrﬁl& E'g §1|ﬁ he' Spacial
Coriolis- seei@f}muhsn%fn@oﬂar@ef&’ea@%d YK Flow kebdi WY @s2it. paTda@éethlr@gnp zero

difference in the balance bar shapes between the drive npde and second

bendi ng noddisglasement Aa3 is WQ%OIFFQ%G dedEn®Eopplisifarceds intoppasite dirgrtienrse
bar beam en endi e 21
they are oubnore bhedaReshetdaas vy e voiors BFRRGRCA b IRER e Cofldhe
connect gd, fdres dmmhmhes tcet@rbla»mlsuélcentw bbcafsethelrotativer ofrthé dsbendintnishes tce
to their resonant frequencies. Thus the second bendi ng (out of phase) node
of Figure 22l th eP?&&Uency equal to the first bending (in phase) m)de of
Figure 20. 24  AQthaPyidr a%?»e%eb{efwb@n Py fUpR 406 d}eﬁgmfég

t he second bendi ng node frequenc ow the drive frequency e achl eved
by alteri ngrdth@gs@nberﬁj)zglflH@urreé’.SISdlhat\hierabagam%@rd@@ nataotate ccbmmuloesly

stiffness in the second bendi.ng..nod han the first be

essence of BH‘QO%Q? PG 'Ee%i“gnt 2‘5 %raﬁg H88 '%Feveés‘fﬂ'a@g 'gagQE‘?éFPmy
stiff @excepérof &id tHee Condlid RS o Bkl émn@smvzmnslﬁéh% amHe ¥889t Rfthit y e
22) so that nost of the flexing occurs_in brace bar 1502. The net stiffness

of bal ance magniteds of Hee Garipiadercesf efntigush dovaryheinyseidaly sithalifpeiwithiéhe

Stite in ol CtuREg e, 18 e3P L Wit WBEs (DR s e e
spring fronrinunnecheity 456kowndn Riguredc gero &driods fdres sptus®N tnebnamend@ar

1502 so that the sprl n is adjacent to the end node Movi ng the nod
| ocati on cahberfsihafow ‘ébes"eéﬁ"'ﬁ tsmaxigiyrayibration P ‘ftsd@&n%rgwlpﬁa/ 'F'éﬁ% of.

the bal @nceflg@ enélﬁgfatl ) Fhodia, f’ﬂl’fé"i’récg}é‘?xlzﬁ'5@&1@&%%@%!:9&50&&% o BRYiBlis

equal r|ve nD e Vi n anplitud gure 23 shows 'the sanme bal ance bar
‘drive node farbe & it flo® tahplis tthelsame sohedmguencyiat iwhichdtis baing vidralgdt ube

bl ane 2201 BReGba S ol i rieb BhdiRa (AT Tneas Pl el onary node.

pl ane 2201 is a FRmotubelBomt mﬁdspina@gpambmhmpeﬂoamtmonmstfb&re ad1shdwwn
tube nor the balance bar. In Figure 22, because of the equal vibration

anpl i t udes, Figuse Sonkh§ Sﬁ%l%nﬁlsaﬁé’séb@fhﬁﬁel(Qt%ﬁth’c?)@fﬂﬂ%%?ﬁ'ﬁi"@ {ubealakesdy 20
bet weenqf | OY\és\tﬁgnge 1@0%31@0,@&”@@&@ % go%tré Nhdds@yr ‘aoa/ﬁwaféé ?ﬁé‘%@g zr§1l

has a mich rvibration a I|tu ger nass)
stationary disgptacetvemntir2Re trive nin@cél'ﬁmdastﬁa@ame&ehmmechhapeyhmeme tﬁk@s/\ass ube

1501. As f he d f th i d
o ane 2201 hRRes RN e A B s W A5 i RRARE R
brace bar 1pg@tortife Bdwiibethefis friatvigasdimgprough fdrokatmspetditls thoR#d pbint

Fi gure 22 gives it a higher effective stiffness than the |onger effectlve
spring of baf mec@bsarTn%gtsam otfw@% s'wlehtqmsqmndn!éewgﬁg)

of bal [ Q.H(f&( nce
bar anpli tuggweg???‘égﬁbgéﬁﬁn&%% th%?Fﬁ‘%W er e?ﬁég%bgpeﬂg n(?g ar
spring regi ﬁnwtthlam|sanuolmbrgherrﬂ1artthdéreqanenoy aTWhmhdbelcgmahg foroe ofrtgrire das

thatlthasahl er. fl ow 30 e/ hal ance bar plitude ratio in. the first
bendi ng (dr PORIEHIRreqRy Bt el el RGeS g e bR s fieh Rinsds beinaseled °f &
the Coriol i pyereRng f&@é@'hﬂ@emﬁd%mwsé@arﬂi bewdng rrmmntfrehneﬁwmmy Gdtians t he
first bending (drive) node. This is explained bel ow 25 10 Ianuary 2003

The vi brat | 6AueafhHelormationef iowie & ard Hia Gerioksderqesotfagarar AGRHTHy PhaRe Witk s
and Stb’:f NegscRbiel erloWule ?bﬁmé?gfo'?gﬂpﬁfrﬁes tHe %]Ha‘ﬁ‘g drithGyrd 3L lgﬂgs@ 2'%?{5
bar have equal resonan requencres (and t musttor a namcally
bal anced f| cdapistoen)erttheds 808 ihdtd dmverrgvrbeatam c()flrrshbpndmgl) moede. 5 NiaKen#lbﬂnwr ~
M6 6

superimposes the Coriolis induced vibration of Figure 5 on the driven vibration of

Figure 3. This is shown on Figure 6. Both vibrations occur at the first bending mode
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Al so, the | aw of conservation of nmonmentum holds: 10 M yr =Mi6Vbb It can be
*shown fromthese two | aws that the vibration anplitude ratHioJasudrh200hver se
15 of the nmass ratio and also that the nmass ratio and stiffness..catio nust
be equal: _Ar _ Mob _ Kb6 ' "'t6b M Kr 20 Therefore, for balance bar i 503
"to have a lower vibration anplitude than flow tube 1501, the bal ance bar
needs to ha\aﬁv@frehgaﬁ&y,rmﬁ%h@wgre%ﬂa‘stersﬁﬁ@otmﬂ dalR Jtnh%;wﬁ@t dEfRedr IR

frequency is raised above the Coriolis second bending node freqlency in the
fol I owi ng nienieks inthisedi displacemenhmaxiniuge (selid inash oppersfwhas thedindlibepdig

by maki ng_ bAIHECE Daee i At ERE R oo ot GRd0T Gebllined Uekplsda ™
to flow tubeedbWien FefirsBisending Mddeas attd‘mnmmm dx_eplacamend@lash@mme%meum
brace bar 1502 is close tgQ bal ance bar 15 his makes the spring rate of

bal ance Sbar 6lis@galageuste Fguredt inohal it Fﬁﬁﬁﬁseﬂ‘ﬁ Uﬂ%ta&@f Brei flowsube ySe éfRng
mode, hpvvevgfr%llo %‘%gﬁm&r‘f ugle, éo%cje?nécfs?{ tl?ﬁéq ?ﬂgw%gbér ?80 c#@é@e%‘i?fosﬂé lhphi S

defl ecti on OW because’ | rrven a resonant
L r eguency 3y\t trhs;:ﬁwh |agu|at this tieree oﬁ]bﬁthb&lmb@fdwe%s m@cﬁtiulwanﬂnﬁqd@fwenmm

endi ng node i s hi ecause jt is be exci te he rjo ection
of flow tubéragba maxigum agplityde. s@%élﬁ@gc%%ﬁlﬁ'&eﬂgéeﬁ ' rseocﬁéh? C‘Jﬂ”@ %’rﬁ
The f1ow tut&%#ﬁ% ﬁ') teuwn;g BieeY %ﬂ@ﬁtt@ﬂeﬂ’éc‘%ﬁb‘f ﬂ&w%ﬁa% owéscﬁ@é ho in

the Coriolis sec els t us low and results in the stationary
node plighes nhm«mgntlhcmtiner enupmrdsjbedmardﬂtfestlmldétsihlsri@d)&w‘rﬁi@lﬂymf the

springs rel t|v ng_and the bal nce ar e Io in.t O|IS
second bend ﬁ{%e 'F%f% qn&/\é?s Ehi'e %@Wg @@ﬁafﬂﬁ@%&m %‘Wg% C
Coriolis Se%ﬂécthﬁﬂd' TEuSP e Wikdsdidd C@mlmésﬁdmd@ smww |hSFt%DI@N'S ‘ines
Figure 24. Because the vi bration anplitude ratio is high int drive node

and is | ow isinushisadlyr inolampligeds rad m@ndn\rﬁg ffﬁstul@ncyraes fﬂavvahtb@ B8P ispribiaded
(whi ch resi %@t 8861%[!8 lg%réé%gﬁﬁmgrrﬂoa r’l Qstrngxlg{dg‘é ﬁagﬂgg aﬁg'?l%lglaﬂvé he

Coriolis se ena Ies e secon

act ual |45 hadeflactioby thﬁd drivee signat, hTine aimplitudesdf tﬁﬁ)Cbanbb d\gpldcementmm:wn dm
summary) th%rie ar%tf r design features that c terlfe t he,

i nventi on ques &t 5 TRl exaggeiaigd fer ‘HQF' y15 Ié’&'&d%wp rgﬁﬂydech
sides of i tse&embhahera@wﬁadééf)ﬁme flrat §erﬁd?ﬁ@h&)de|”kﬁ‘ fload BUMRE(TRbecRBse b first

bendi ng resonant frequenc This is done by elenents 1508 and 1509 whjch
are flexibl deadin eds| wespﬂtltla@ resanant frequnayif the llewntibe a6 thaCeritolis bar

1503 i s 1 edygegh inobl S 1688t il ondloneRaARLAR0 <hAGHSASAALE TERMLALR! droatly

out si de of e feduced stifriness glons ralses
drive faequesxaggerated.overs the bal ance bar second bendi ng rmde frequency.

Thi rd, bal ance b 1503 | made st.iff, i m el enent 11, s t hat
much of the apr i dpecha0ey cassrigiec i naert B PR i males & hetsgau

Thi s causes &%é 13bafieR o fHe Haf bé}gjﬁ%s (erey-:ﬁﬁadé@nawasf@mfdaﬂeémfbfqﬁet he
vi bration anplitude ratlo bet ween the fTow tube and the bal ance bar. :

Fourth, the flow tibeye Imddgurand rtst:am bﬁe@e@@sth@f righbyelogite SeBsor SN ETessPaRas0 bar

1503 15 suchhy kbl Ml SIEK A AR) dob et oo 61 BTG 2055 B

Ve o Fiolis-secon endi n
al | ows 251 bnlt;anomltbge lagu&nﬂhbﬁldf m@ rrghﬂsen@oﬁmcataomtpabvmmgemdnwemwncy

Lo onpl oy antcasralen beSaukbabina st spesonsr Badsihs phase ol faeryor SLOTHE
enhancenent asédﬁ%ﬁeﬁbé&rftin?éﬂg@hg.s msbgﬂlﬂrﬁ@tottﬁéaﬁfp‘ﬁﬁﬁétoftH”éV@é}FdllQ dukckd! S

only necessary to enpl oy enoug Teatures .to reduce the bal ance
bar 1503 semmamahhgthe. uﬂrteqwm@gprtl@aiéo tea mass flewdasteve frequency. 30

The precedi ng de
si ngl e straight f’lﬁtee;?%s?ﬁﬂg ﬁﬂ \Z?lg%sa 'ﬁ&gé eefr?']é esFQ%Y(?er{ Pﬁev&ﬁ ugb'iw%?hl S
hagI 3qu0 do][muapabyoff thie bhmhlcbyoarf The vilsratior |m@des)arseld|esnedT heccpdxnlgaonheﬁr
and design features o e inventi equa wel]l to a single
strai ght t ub&'@e8si P tE'efrqE%@nev o\;\é)qrhalgipezf};'st bey 'Uiﬁl?gPW'&géﬁea?ter e feferred
to as that shown in Figure 3. The second bending mode will be of the shape shown

in Figure 5. A useful rule is that the mode number is equal to the number of nodes
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caoncentric bal ance bar (Figure 25) as well as to single curved tube
fl-omreters (Figure 26) with concentric bal ance bars. The prﬁberred 03
enbodi ment is the single straight tube with concentric bala eJ B'é?’V&P
Figure 25. Figure 25 and Figure 26 for clarity, have the bal ance bar front

hal f renoved_s that h ow t can 25 5 is the sinplest
Bt oot eormiis Ak, ot et HOcRRE sREReREs i Tk el e BiondinbsiiiEeTatRe
Ingregges :ténﬁemd iri thd(yeﬁterIW@teﬂhlr@bembm]gerltzodéh@&fzdw@@ﬁes:Emcl:rlVal Ctﬁrvedf
t ube riolis ownreters nt, o i gure s simlar to that o
e oo b9 b by dBOTERIoR ISP RiReCEp Sy TEere dhe BRERFE by PRy Sigaies
surrounds fliavuné kst brdling RRidanGRl 1Baks W%séensatoc@dsmetfa@eabnltﬁéﬂ@n%doy
brace bars 2502 to flow tube 2501. The center portion of the bal ance bar

2503 is §i ghitigues §rrhavreatsingieitepe Goriclisstevimetey Gmdma\ammaéb@»@tu@eesodfand a

2505 cor r es AT £ 007 EiuRed BYS ey 483 SR o Riteds W RRRALFBARE
of the enbodTh@gblidiings @6 F gu?éﬁpﬁfdwiﬁow ttmeseopaddberuwc@@amdg dsItRey enRy of

bal ance bar 15 2503 to be gg)tl | ower than the first bendi ng node
(drive) frersacispiagementaxigedd3indhe fire beading (dya) medenithynatggalflavedNpor

t he enbodi ng

simi & ar i n roRuosdeeiEhs Sopaa: of pHiEe Hr 5b2 ST e ekt 3ubi
and itsi@ur rmnnﬁbvmgubermmballanc@aﬂaaramh@mut\aﬁmeﬂem abthedt vibragibh ibuhe first
instead, are cu upvvargé from horizontal at portions 2615 and 20 2616
fr om whi ch tlT’t"“é"yJ AiVR)UPAESd until they nake the transition from verti cal
to a horizontal atjgateaSs a%zmrmiag%éﬁﬁdxsabansw eibra%htal %&%%é?terhéaw
bar 2603 has a Iow mass area conprising a void and el ongated el ements
2608 and 260@|ev¢nrwnaddatsmgialstlgalgtﬁ\tebaa s fewngterasreprsentat in Figore Gnd

2505 bf the TBARSERE TS Aokt & B8 TEREPAREE, Shetf sF EIREDT 185 ficites

el ement $51504 I@mhgpaase 1o Ygo rabrerent byofeFirgls bebeRecy 1BBGdah8Feal

nmeter el ectronics_el_enment plies drives signals via path 2423 to ,

driver D whi %ﬁsaeapéfrttﬁ\eeratmﬁl \éﬁtoawcéé%t)ahﬁeaaﬁr ipnod skyifted iy Rhasedram axjs
t ube 2501 t
i ve 30 f et neBiflo Ralancebar RHoriceliahf tolgbnertin Soipls Blocs SIGaNE |
forces are ajubkei ekhe balaneeftlanwectob¢l6) islehowotaldngthkebaldimtiOPaendiventdied of

phase with rgspectto its ri -hand rtio NowWn re. ese
Cor ol 1's' det ¥ aara-oHaS ¥PeBLRyHAY it Ty ftarehilihiekal Velog R ids ofctyr 108

Si gnal spgepr ﬁé@ﬂﬁhﬁge ahgle® g@gre%eﬁﬁiﬁ@ gt domisinad ee@ppVdisshienvaid pifases dPthe
January 2003 paths 2421 and" 2 to neter el ectronics 2420 which processes

the signals Hiawiyke apehafRncerkar. Miaindhatiae gehrhaaangle put ofithe Ggh‘a‘-’ﬁnéﬁf SR
pertaining t [ t

D24 and may 5 o] e Hehat &2 tor B o AR ASGPR e o,
25, driver Dsensitivity}éndoe t&thealadk of ghasesshiftart tiSRbelanbe baciorgonvemtianiaésingle
coiI/nagnet @@ WLeth t he magnets bei ng designated M and attached to the

fl ow tube pr "he coil SL, D, and SR of each coi | /magnet pair. The
embodi npgt of Fi gohe é’rﬁbbém%ﬂt‘df@hébr@%ﬁ@ﬁ@hﬁdn%é%cﬂﬁhﬁtﬁg&feoﬁ'tﬁév@b@aent
(not shown) conparable to neter electronics 2420. The enbodiment of Figure
26 sinil ar| ybalascabarwhese secandhendingsnede rasonantfreuangiis siahiydrelarihedirst
not 10 shown f 2

ol ane ¢ r ansvigidng Hipts W nsaddel, e it Mo ooy bERBhGRRE B

| eft nmagnet e/kcatasdbeastewnvjnttdmdmgmodemtt(enbalasbe\bayGamtytvtw a:fdunacerbmgﬁﬂ@t M

associ ated wi and th hand, magnet SSOCI ted
o th sensor et pfis: Tia s ShEEHaENG: ot B0t H Repae pEngRS RodE

expressgy unge ﬁip@e@brtétatb tHee celigligredfledtienbhlitide 8PHoWaube oM@ thdLid he
description of the preferred enbodi nent but enconpasses other nodifications

and al t er at i BrepoRianal o the madei flé)MdfaéQn The viwrationeamatiede ol balepee bpt 602D

10 January 2 'b%n%l

having a fl o@vggu e (%%%T?‘gandj%s élﬁéc'é &Eg%égg@?nggq@ér)l r§t| 9‘%&% amey
paral l el to faitddcndavyg udxe dhilel) Uradmenchmdn@ebbaamé)aar Beemrsi &2y niaxe
coupling said balance bar to said f | ow tube; said nethod conprising the
steps of: 5 flowing material through said flow tube; vibrating said flow
tube and bal ance bar out of phase with respéct to each other in a drive
node having a drive frequency substantially equal to the resonant frequency
of said material filled flow tube and said bal ance bar; inducing periodic
Coriolis deflections in said vibrating flow tube having 10 said nateri al
flow, said periodic Coriolis deflections being characterized by regions of
deflectl on as weII as nodes havi ng no deflectl on; char act er| zed |n t hat

L, o N M . Y o



periodic Coriofis deflections; said Coriolis |like deflections define an

* i nduced node of vibration of sald bal ance bar having a resthdanuafy 2@ifency
sufficiently close to the frequency of said 20 periodic CorLOlU.S:,assin
deflections to increase the amplitude of said Coriolis like deflections in
"said bal ance bar; said Coriolis Iike deflections of said balance bar having

I d ' f

aai d i br ot ?fﬁ%%#ﬂr"‘éq&%ﬂ% iod ST bt SonsBFS reliredlarty o e
said flow t ubr isid mdfaspgeRmdlmg)nmdBC(dlffé dtéqwenoj' t:aelgﬂ?mi‘&nltbegﬁ? Imbrattlont;all
neratin n esentin vel OClI al ow tupbe
gﬁdesglh %Eﬁ%ﬂﬁﬁ%gﬁ ‘i\& Qﬁ‘%&ﬁi’ﬁ‘éé"ﬁ%ﬁem e& ingumade rth retatiogship Jssipgwn
regar di ng S%hdjegénpan Py ?@g%diéc’ﬂ is! r%EﬁBPﬂ-gegwéfétnb aﬁé\hgl.t@aeedfﬁﬁé Baaagae%%'

si gnal s, Janu e’ net of c aim 1l wherein said step of
i nduci ngb saiid itSsecond behdlhg mibslel witht iespectitodihaitktio hatwesn dipe éifstibeddingrmyodai d

e L L L B T R e
Coriolis |ikprhgehkisddoRaichesiHepRid wsbRRhETirdt BeHaInmsabYdinYerficrege

vi brations having a resonant frequency greater than said drive frequency.
4. The net hoahdtheseeend bendieg wiode segomast fé@quﬁncwathﬁ brjares Bacorhe axis PPke

havi ng. o resSRREN LhuEnBY PRl eI ikl HEEE TRMRE i Bhcos
The mett®d ofarbedenn] the@omlis resporss irejaced irl balaeseganédd istat amsatimusdwHen
bal ance bar rt§‘2503) I ncl udes t beﬁ/ndl ng forces jndicative of said

f
peri odi c Cor8 ralio Ratweeni A "fVPoé??&%ﬁor@V?? the, 5ECcPRA RRNFIRG i AodR sesonait ¢ o
sai d bal ancefr@cﬂengﬁo BEIaﬁ F@ri 8! el Cgﬁolg‘?'@sﬁ&weggm lof tﬁ@bglghgé%?e

bar. 6. The ne alm ereln sald steps o ratin ala
bar (2503) idedreakes tpmards eare focim nfsl maxlnglmmgheframaim‘ thedwot rbguancies on
response to i C Corl ef to flex irst end of a
brace bar- nge(ggggymeag{aa@r ﬁ JQ“ @ é‘?ﬁ?%‘ﬁes"j tB gt&?r glgo
responsgs to gédreaddsaidmds ﬁ"faxﬁﬁ’urﬁ afsltﬁéﬁatterdﬂtHékelth‘ﬂ‘é@]u@ﬁc@s@ébbﬁ’\'ebfﬁedsJ then
defl ections in said balance bar. 7. The nethod of claim 1 wherein said step

of induci ng @R§- a:‘%ﬁlgcﬁhoévslth%é“/h%'ﬁh%ﬂﬂqf(ﬁ?ﬁi-’ﬂﬂ?'%%ﬁrﬁ relabyaly FlagephriRiations!
(2503) incl uéilﬁgllth?g FB% fike bhﬂﬂ‘d%bg %hﬁ'db%ah'ﬁéemgaf] hﬁ‘ﬁ%tﬂ%th@
e en n

sai d bal anc a secon e having a res
frequency s utBsn@hsmdaJdeyl mmeJdetcri ﬂemtlmbeﬂoNeAsssdbsequemdwdemndednhe atefagedai d

bal ance bar as chani er. by in r

P b SRR E LA Bk o2 Bb} Mo hpe S b RS R ek Sntcsneitionency
of sai dpgal aiﬂ%.&atheaéec@ﬁdmb.hbug@degfee,aheﬁt fréreniches w@ft@tnbwaaﬂhaarmb ifirgtde
31 10 January 2003 of said Coriolis deflections of sard flow tube at said

peri odi ¢ Corp@ndirg aefpddrivel frequengye Hodacsuch conditions the frequency ratio is slightly
greater than one. For another embodiment, the ratio between the two frequencies

may be slightly less than one. Atthat time, the Coriolis flowmeter is operated so that
it's response 904 on Figure 9 is slightly to the left of abscissa 903 representing a ratio
25  of1.0.

The phase of the balance bar second bending mode vibration with respect to
the phase of the Coriolis deflection of the flow tube depends on the relationship of its
second bending mode resonant frequency to the first bending mode (drive) frequency
as shown in Figure 10. Remember that it is not the drive mode that excites the second

30 bending in the balance bar, but rather the Coriolis defiection of the flow tube which
occurs at the drive frequency. If the balance bar second bending mode resonant
frequency is higher than the first bending mode (drive) frequency (ratio less than 1.0),
then the balance bar second mode vibrates in phase with the flow tube Coriolis
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8. The method of claim1l further conprising the step of transferring the
ef'fective spring of said balance bar (2503) from said bal anc r id
brace bar nmeans (2502) to | ower a second bendi ng node resonamyﬁugﬁﬁ%@y of
sai d bal ance bar. 9. The nethod of claim1 further conprising the step of

| owering the,resonant f requency of_ said indyced vibrations of said bal ance
bar by T oweVDFRJONIS SYOMELEN GG BT HiPeioalanca HagheRt Fide Heduenty iHBeRU of
claim 9 furihenngomegushld (b8 §earrah .1201. [ itAén the B 8EeBaY sBorfithd

i nduced vi brations OP sa‘iﬂg(bal a%rce lgara 25.3) by the provi S|50r51 o? at eeast
one fl exi bl eibpates buvhofofhasei withhiledinye tuberCortajistvitration &l shoenporoligsreo. of

i ncreased mass (gRhR04}., 0 t |east one, ot her partion of said l.ance r.

11 The method oNTErtNAPaBheaBARSeC RGN Ta GO i S pRR S0 i Bt
(2507) 5n aCoriemsdefittion@ktih PTyWReé 75 BHmBghatnatt 861 of 1R veldtity SBhE@SI0bofH ai m
1 wherein said nethod conprises the step of |owering the reSonant frequency

of said i ndlagdiiefiowrtabe erigpeint \gbilejthyamag@@t amilrcqilyoftrmé\t;yelwitss semsqsfsdﬂ betti bl e
Porent of - o g &S it 3r Y lpftor R RRE A ieNoBE RS 0P i m

1 further cestudetli g thdezesd gihagk stitnéfathel balanbe leand (Figdes 1pfassi @rior art

vibrating flow tube (2501 ) and sai d bal ance, bar9$2503) in said brace bar
(2502) . 14. flewmsteren deiriergrose ntheavibiatipaiamritude of dhe Srlansenkali 695 gecond

conpriggs t LS f A A , (Wo Aefpar
(2503) and P Fg@r@m&dseg tn ?éfﬁ%&%ﬁ@@@&l&ggﬁo sai ﬁ@%@gngéeg%?r”%ﬁé )b
conpri si ng designihf itsedhatdts. re8@nant i@ qlianchsis ¢ldzeas tHedrivinfreqeerioyd Thfs rebaltsn 1
wherein said riolis |ike f%ef I etcti ons,. of said bal ance bar are out of phase
with the pell B8 EETPHIG 'O OXPLEL PEMINY: said flow tube. i 6. The nethod
of claim1 whereTRe S@cfrdHiagtBm ™A% CFBl4 A6WnRetél hatingardbalanc@dar 88¢ond
wherein said induced vibrations of said bal ance bar conprise the second

bendi ng nodbeodinganed® flegHercyoslightly belom thertitsh bandingonare(deve)draquency is

conpri §kng t. ep-: I ' the I SAl

bendi ndomoagraridEPiste dhchog 4 G2 AR I TREL e iyt o
(2506) of sgiectohalThece dxis 130H reprekeitshthe inardinay dodidheM Y vectoeacThesi de
of said ceg&e po%tio of said bal anceg bar to et%er.mﬁtq the provision of 5
ncr eased nRSNGR CBRYSIOGHHECIAT I8 41 65 < Lt pw e YRRCI¥eClatis 110¢ RBE. 87 °21 ai m
16 further bacddenl s pREeSSHIE ¢SIUBB dtfthé PVRILBE vedicl 118398 %Ys tha® A PRYs&|
sai d second bendi ng node of said bal ance bar (2503) by the provision of

f1 exi bl e poshifohs w2588 balsuey bar vasier i3, aiwenelsional quehveleaty sanser @R
P I e e D e e T A

| ocat i i ona I n"sard secon ing no

The et hod ebclor 4il04.1Vebier ¢106 spiralsdpts thd met dutng sitpfdl ef tHeovedoditydienedr 8R,
sai d bal ance bar are hgﬂﬂ}@fse W t(g the periodic Coriolis, deflecti OP.S of
said flow t @9.1R%s a R erenge Qe respest Ithe X A% thedwet phasapt ed

to receive t ) ( OFfH; \
paral | el to%geglﬁéﬁilqgéwgiélﬂ tgﬁrc\ihgé gfr?ga%'e are f@ggj)g)e, wég:?rse%ﬁloe?w?%tap i %ﬁhégel d
bal ance bar at gregtdrdensiivity theey thegpribreut meters ofl gt 6 rwhiage: vetorcdiapraniing:

5 driveg.nea ): i,brating said fl ow tube and bal ance bar out of phase
wth rggpecgﬁf)g{? %‘c:%u(%ﬂer at a drive node having a frequency substantially

equal to the res&itamd 8fshegqsemcambbdismint wietethestbaldndd isar $docond behdingmodai d
bal ance bar ;frequency is slightly above the first bending mode drive frequency. Flow tube 601 and
balance bar 602 are driven out of phase with each other in the first bending mode,
resulting in them being in phase in the Coriolis-second bending mode. This causes
30 the two parts of each velocity sensor, (the magnet and coil), to cancel each other in
phase. In Figure 8 the component of the right velocity sensor SR on the flow tube has
already crossed zero (leading phase) while the component of SR on the balance bar

has not yet crossed zero (lagging phase). When these two velocity vectors are added,

19



characterized in that said nethod further includes: periodic Coriolis

defl ections being induced in said vibrating flow tube 10 hauangary20a3
material flow 33 10 January 2003 said periodic Coriolis.detl.ecti-ons
bei ng characterized by regions of deflection as well|l as nodes having no
defl ection; neans (2502) for inducing Coriolis |ike deflections in said
bal ance bar i of
el ance DAl i) el R ckhd gHERL 64 bAESe BRI LS RABaATIGE:
defl ecti onsmdef | Tiee aamiernditsateliariod defofendob Sat i e mbult é sl rédloting & filewmbari ng
a resonant fre uency sufficiently close to said frequency of said periodic
Coriolis defa&iit¥ns to increase the anplitude of said Coriolis |like
deflections in Sﬁg&ebai AUSRaRA theAfbcté AURIH RiriSbaake 8T haghh A8SRbngal d
bal ance bar having an anplitude proportional he magni t periodi c
Coriolis fobemhn@mosiaufannebcwsilgmlyfametthméramehdlnatrmd@umfd MUemeaniheSL

vol oci ty- of Vaey i yghi 120 R e o Ehr gt Bnihé Aok 3RS a8 fimte

representing & d202rtythe angld ¢ I‘”E dgheeedlocins vettos ai2d3f bpd HEet aaskoyai d
Coriolis |ike deflections of said balance bar; and nmeans (2420) for

deri vi ng met@RpP@nemt opihe r‘?ﬁlﬂﬂﬁ?ﬁtq%r‘ﬁ showriihRJeuith quadianyand isafsehfrem thai d
| f | f
STonel S 2L TR b3, ATl S AP ARG P T
Ibal ancﬁo barvemcbr?m |dfveomude05 rmnd!at sfof(\setéigam tlae erus mgoabymeoarfgllﬁ ¢fL.eqgency
ess than said drive fre riol.i claim
wher ei n sai %Prﬂ%%ﬁ%er( ﬂ?e 'F%rp(?\?isétoéi’??fﬁr %%QJSBQ?’V&{H atﬁVﬁZ%@sm@ér Cir‘?ol i S
li ke defl| echiignge bAr Aagativerbiiteeabaed t e ﬁ@)\/%bé‘%@iﬁde 'ﬂPﬂ§eQ\fasVérWu$h't8”

having a resonant frequency greater than said drive frequenc

Coriolis fltwaweedhe phase (and Sensihdlypint e tegalivagegiop. f hat/tfm walnmesaisd
bal ance barl& ih &ﬁ\l%allng ?@fg&!v'vﬁll rééﬁﬁt el Raikda flb\n u%ﬂ'é ng%gg%ﬁ ?gtﬁ W th

. said induce i oh havi a resonan regue

equal {1® SaTh‘sdfaln\/@ tesigwithdy. c c?lngmelagua;rryth%%alcat@d fl'diw rétel bl there is .
fl owret er of cI aim 20 wherein said nean for vibrating sai d bal ance bar

ext ends f or 8dhen@gasan why hevingdha bﬁ@ﬂ"@i’ﬁéS@Eﬁr}%‘l’?%d‘%Baffﬁ%%qmégmlycﬂﬁoya| d
at | east Onﬁm&dr%ﬁé&?ﬁen&‘i ?%1 gfé%ﬁ&? bar neans to said bal ance bar to
riolis ecti

i nduce sai d ns in said balance bar. 25. The Coriolis
fl owret er of cl alme 26nfiguratiomofskEigdrar® éimwhich)thé dbalancdlsir sgcsrd berding niods
| i ke deflections in

L et ool BRI B VBB B85 o Pla 8 ol Rl «
]lglr Zgleng@(r)f géalldnéé exaniscortigaftiofnfe Torhé fbrbs 36 Hoatbé BON REAPALAIHMR 8By
the second bending mode response of the balance bar. In conventional single tube
Cariolis flowmeters, the balance bar dynamically balances the inertial forces on the
flow tube in the first bending (drive) mode only. The second bending mode of in the
balance bar is at a much higher frequency than the Coriolis deformation of the flow
25  tube (which occurs at the drive frequency). Therefore, the second bending mode is
not excited in the balance bar of prior art single tube Coriolis flowmeters. This results
in the Coriolis forces being unbalanced as in Figure 6 and flowmeter shaking occurs.
The shaking amplitude, which is a function of both flow rate and mounting stiffness,
can cause a shift in flowmeter sensitivity because of a shift in distance between the
30 velocity sensors and the vibration end nodes. Since mounting stiffness is generally
not known, the sensitivity shift cannot be predicted or compensated.
In the Coriolis flowmeter of the present invention, the balance bar second

bending mode of the balance bar is excited by the Coriolis deflections of the flow tube.
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5-first end to induce said Coriolis |ike deflections in said bal ance bar.
26: The Coriolis flowreter of claim20 further conprising neans (2508
2509, 2507) for |owering the resonant frequency of said i nducédanyae

vi bration of said balance bar to a value approxi mate that of said drive

¢ : ;
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2505, 2508 d.b t f .high bendi t of
Said Cor ol |iaoHERBbEErses A the Balanie baks Fetdns Hartiparars Hodh Sancelane
wherei n sai dsrfétr}dn‘gé‘%f@ﬂ%f bkléﬁssfo?ce% b #He MM HIDRC TRHRVRON FIfiRE ¢! 'Be%g Life

i nduced node o ratlon sal d bal ance bar conprises a second ben
mode. 2% Théedwmlarte barsoemtaéoncsbumeafcmmse\mgbﬁn@agdncr%rns tiie Coriolis

(2500, " 3505) " QFeUGE Rt Renof b the FPllonhfioplidle: FoM® ufed BaBg FEERFE "
f1 owret er ofpdrdigmidevirireasess ab thBECEHoliE Fordecw® the dlofwtubeeihc /gps.| SHSls
flexible portions $2508 2509) of said, bal ance bar at | ocati ons on either
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eff ective spgd Iﬁ’e{bfu%‘?b@na P@HG@e fve ﬁe%@f&?eng@hﬁdﬁ&ééWﬁy\s vﬁ@'tﬁe two

i nduced node o rati on of sail d bal anc The Corio ownet er
of clai m 20 frequeneiesceapzli sThig isrpansible2 808 ,is zmmoﬂmnwl%ead bzsomilahoed

concentratin effe Ry of said e ro nd said
ol ance bar SRDEETEy e P Al maRk ProBlart TG iflTle 14 Rdf8ifoq By o8
wher ei nisai dogtRarser B thadifrsrBdndinggode rowm:ﬁ e§n<§w efliae e Sah eS8, se2bhé)
on said bal ance bar and fl exi bl e nenbers 2509) on each portion of

sai d bal ancebmnm@pd@émwegpwg T&legfuhmhomfﬁm&ncygétheﬁﬁg bepdingImade shanees er
f cl 20
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brace bar. Smbe'ﬁhanghnmhltheﬁbnwmfehedbwmlganmeﬂel ddmeves.:thg fmquency of the
substantiall%fajstra ht flo e (25

tu 8 subst an ‘ yy raig
bal ance bar B§etat belAngImads cheSBoLANSHOs b TSy uie e dRnsity
flow tupgs (268hukse Meadritdin rwnmed "ﬂh?sf ;E)rr'o@ﬂcés?@ %ﬁaataﬂdmavm@{ m@q%tfaéqu@a@l%)

havi ng a curved portion (2611 ) he Corioiis flowmeter of claim?2

wher ei n sai d(diﬂﬁﬁaﬁééeﬁﬁﬂéb@ﬂdmgbﬁ‘@ﬂqwﬁf@@Mﬁﬂﬁé’ﬁetw@e@é&bn‘ipfﬂiéhwH@tQﬁ@éﬁa of
sai d bal ancet Q alarmt baiLg éorl OFKd%gonﬁoéQfre?ih@né?fshﬁgo@fthé: kitdtBehdhfieBL8

the step of uci ng sal
(drlve) frequency and for heavier materials it is above the first bending mode (drive)

frequency. For light material, the flow tube and balance bar then vibrate out of phase
25 in the second bending-Coriolis mode; for the heavy material they vibrate in phase in
the second bending-Coriolis mode. Furthermore, the flowmeter sensitivity
amplification varies greatly with material density when the balance bar second bending
mode frequency is in the immediate vicinity of the drive frequency (Figure 9). This
shifting flowmeter sensitivity can be compensated electronically based on frequency.
30  However, for high flowmeter stability, the best design has the balance bar second
bending mode frequency far enough below the first bending mode drive mode

frequency that no anticipated contained fluid density can cause the frequencies to
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defl ections in said balance bar includes the step of inducing said Coriolis
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the step of inducing said Coriolis |like deflections in said bal ance bar
includes the step of inducing Coriolis |ike deflections in said balance bar
wi th sai d Goatodl iThd bhést ddefgnenia basthedfdqaengesitlossdnocegh toebeitefthy batariceon
of said bal ance bar having a resonant frequency |ower than the frequency 5

at whi ch sa® iPi§iecopd beddingynad@d; said Coriolis |ike deflections being

out of phase wt j (ol i f u : ' I i.Ag an
anpl i tude pr opor??% zﬂd %E‘P%e T}%égﬁr%ﬁé?éﬁﬁ&ﬁgé‘?toﬁﬁ glat&)@%‘%lf i%?@‘f g'r%geds@s\(?ﬁlasai d
vi brating filefatidnship oi the sedoeid dndingmodd AreqlieacyCof the balahte baetenthoffirstl ai m

20 wherein sai g neans for jnducing_Coriaglis,deflection in said bal an bar
comr | oas. Beiad TuRiy e oqURIGL. RGS eIPERY EMbDAENEEMAsns JRGUPRCLA the
bal ance barsyy I HA k! Biclal | 2l ey i .do‘ﬂ#ﬁ e of
vi bration o?&gg:aﬁgﬂ‘ aﬁgugggglf i?ﬁ@?ﬁg“&%ﬁ%%ﬁ ﬂpggggﬁi‘?fr? wer ?f[t}, ﬁgﬁat he
frequency ahightdiephity riateridlsdo nabeauss the bratreguensigstoCoessol Having e second

ot | ecti onsoereiagriodd LARGERE BrRFAS ARy oefu e M 15RLFRebR.A UBiene
nmagni t ude o§jtRgibhotHat SoRré olddd faallcCiafporBibial d'he Besighndethil®WHdibey Whishis

material flow 37
. Al . AS}OAssaggampplighgd fallovay! @ . AL AS. Ay. A, . A@ . A@ AHy. A AS. A5. A, ny. AH. A [I. A

EE) AYLT. An. AS@ Arhérwbka iy thar dhteriife f¥sonalt REGURreY bt Avidtaihg DL P a v

; { val gb] X] calacajana]springahtd. aT k@ kqadtivnl fortesahaal feeduemkyg dd: ca] ca] ca] ca] ca] caj ¢
a] ca] ca] c™a] ca] ca] ca] c”a] ca] ca] ca] cTa! ; BDG3;

=)} 1- x%y! #| wr mhc”? ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]ca]c
a] ca] ca] ca] ca] c™a] ca] ca] ca] ca] ca] ca] ca] ca! #UUNJP6 & +!;

P11ro"" ") #} #%03%%& L} "(}xsnid_Z]]]ca] ca]ca]ca] ca] ca]ca]ca] ca]ca]ca]ca]ca]calc
a] ca] ca] ca] cgpc=] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! (1) ~**+O+++++c, , -d-
-f.r../g/]10c113k3 |,/566*629] @ xsnid_Z]]]ca]ca]ca]ca]ca]ca]ca]ca]cal]ca]calc
a] ca] ca] ca] ca] ca] da}®a] ca] ca] ca] ca] ca] ca] ca]ca]ca] ca]ca]ca]ca]cal[ @ @@ GNA
OBBNCCC5DDD1 EFFGG?HHHHI JJ#J3JJ=KxKKK) L| w mhc”Y] ] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca]l ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca]ca]ca]ca]ca]calcalca]cal!)lL
LOMVIVNTNIMNNNNOOOPP1QQ. RTRYRI RRRS?SSS( TUTTTGUUBV} xsni d_Z] ] ] ca] ca] ca] ca] ca] ca
] ca] ca] ca] ca] ca] palegaj cal cal ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca
| ca] cal BWWW WKA XXXYYI YYZezZZZ7[H M ][ [[:\\\\A]]] 8"} xsnid_Z]]] ca] ca] ca] ca
] ca] ca]l8a] ca] ca] k& SRNGRé&] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca
] ca] ca] ca] ca! "& M . mass

“a  aaa>bUbbbckc{cd! dslddddSeeef Tfff gRg] g} xsni d_Z]]] ca] ca] ca] ca] ca] ca] ca] ca
] ca] ca] ca] chi cederdd gt diad dmlquahcyapicthecsdcoail dehdbigempda beidw e fifst deradfron] ca

! I hhitiiTjjkr.kkkkkkPl | mvi G id Z7].

| 627 ca] oa] Ik €y SX ek e jrire A1 Sh ey e Ban e Bpearubheid e aahet ca
Icalcal pp  poth raise its first bending mode (drive) frequency and lower its second bending mode
gqq) rrdswsss(t?t Et Uttt uTuuuuM/™ vvvwZwwnx QX f xx[ wr mhe] X] ca] c*a] ca] caJca] ca] ca

] ca] capBa] c HpaHGRA) clarreasing ose Apddgwennasrriiarale eifaees beH) eavedpdaiven] ca
N | ' - N i

| chal xyayy2iiggaehal i ol ki Mdohihd IrbAd ey ond YescHerBdahs M) S8 i

a] ca] ca] ca] tayerdhamlhed]re i aradicainodd day e abgudrey rapies|that4bd fred5 ang skiffiness Z] ¢
a] ca] ca] ca] ca],cal cal cal.cal c e s o .

a] ca] ca] ca] E’E}Q:eaj’%§¥Eﬁ]b@é]b@aﬁ”83]h83]"3é‘f?ﬁfj whpEEK YR eTe eilicancen ¥t al u
MYl u$x+8! Wteefe{ theth eheBitér ZUhiWhing i€ mass in areas of low vibration amplitude has little

WV] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] Ca] cal] ca] cal] ca] ca] ca] ca] ca] ca] ca]calca]c
a] ca] c&pca)] eHpelajldeevise ghangn M, irmreys of low bending moment has little effect.

ca] cal] ca]ca] ca c ca
cal cal ool ool ool cEIEATE AP e SR P Pl b AEaAGpERGfcnER! GBLRMS Bt o=
U ca] ca] ca] ¢ thal aati cakboad fb@hdmmaw@e] ol aladcbaral3tH] dajocadrcta]soitbad]avwdbal ¢
6} i:21;21;2%%3%@%%@%i%?%%mo}u{(ggflte%mzd kin the first bending mode, balance
a]J ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca]ca]ca]ca]calaf{8
>Rl d"} xsni d_Z]
Ul ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caﬁZCa] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] ca] ca] ca]ca]ca]ca!l nl *~d OPY}xsni d_Z]
Ul ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] ca] ca] ca] ca] ca] ca!
048Ar u. 48>JM 64zupkfa\ Wii d_Z] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]




WiCE GLO% & ()- y10% & ()-S10% & ()-# 10% & ()- | 109%9HOHE () -
| 10%/ s/ & () - GOBAEYL! 10% & ()- $10% & ()-!y! 10% /& () - 10% &'10)Jah¥ary 2003
F10% & ()-9: $10% & () - )

*OE3"110% & ()-!10% & () - @F10% & ()-10% & ()-y! 10% & ()-y! 10% & ()-%"w w

A2.110% & ()bdr1 IO13SMOMYE Yas b(e)redbéé& PARASe akeds)whare!itW4n&ir(g moént is near
10% & () - z#$10% & (g wna?l 10/ /!

ég%llo;&/ I( ? Sy‘@lggﬁ Bq bicsg b%%‘& ngde 5"‘1@%’1&”@516 seepRpodRnRding medegRaheddings - 3D
1017 201/ BOER ) 1995 ot T4 o lppetys dopubgy e Hedd rads. 18iRkAg )

110%4| & () - mﬁé@mn@ss k; billg@lah&e bar 1 3BAER locations 1306 and 1308 has little effect on the
Il% {)/;fi g g)/iffl. c§?$o Ol & { Eené‘gé‘ﬂ g‘dé bt ng@.rO(V &nth hd 4l f%b@ is relatively
10/ /51 10%4| & Ea)gH 12D dd 4lidw bbndih lerﬂ%bﬁq chééel@%@dn&\énh th?Yrﬁ%@%ﬂhg mode;

| & () - @|10%4 & ﬂ) )}1bC 10/ /1 10% é
104| 104]; 101%”9& ewernng dgea Biithasy an moro 1@@$mqu8)qusom ffec&the hr

090" LA U KOS S A0bles SRS B ot 1008
"109% ()-,' and 1308 have a high bendlng moment for the second bending mode. Thus, lowering
10  the stiffness or spring rate of the balance bar at its locations 1306 and 1308 lowers the

second bending mode frequency.

The first bending mode'frequency of balance bar 1301 can be raised by
increasing its stiffness in those areas where it has a high bending moment in its first
bending mode and where the second bending mode has a bending moment near

15 zero. Line iii of Figure 14 shows this location to be 1307. An inspection of Figures 13
and 14 indicates that at location 1307, balance bar 1301 has a high bending moment
in its first bending mode of Figure 13 and a low bending momentin its second bending
mode of Figure 14, Thus, a balance bar that has an increased stiffness in area 1307
will have a higher drive frequency while leaving the second bending mode frequency

20 of Figure 14 unaffected.

To further lower the second bending mode frequency with respect to the first
bending mode frequency, the mass of balance bar 1301 can be increased in those
areas that have high amplitude in the second bending mode and low amplitude in the
first bending mode. This is locations i and ii on Figures 13-17. Also, decreasing the

25 mass at the line iii portion of balance bar 1301 on Figures 13-17 raises the drive
frequency without impacting the second bending mode frequency. Since, as can be
seen on Figures 13 and 14, the vibration amplitude for the first bending mode is high
at location 1307 while the vibration amplitude for the second bending mode is low, as
shown on Figure 14. Thus, removing some of the mass from location 1307 of the

30 balance bar raises the drive frequency but does not affect the second bending mode
frequency.

Figure 15 show an embodiment of this design. Balance bar 1503 stiffness is

reduced by removing material from portions 1508 and 1509 on either side of its center
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second bending mode frequency.

The first bending mode frequency of balance bar 1301 can be raised by
increasing its stiffness in those areas where it has a high bending moment in its first
bending mode and where the second bending mode has a bending moment near

15 zero. Line iii of Figure '1 4 shows this location to be 1307. An inspection of Figures 13
and 14 indicates that at location 1307, balance bar 1301 has a high bending moment
in its first bending mode of Figure 13 and a low bending moment in its second bending
mode of Figure 14. Thus, a balance bar that has an increased stiffness in area 1307
will have a higher drive frequency while leaving the second bending mode frequency

20  of Figure 14 unaffected.

To further lower the second bending mode frequency with respect to the first
bending mode frequency, the mass of balance bar 1301 can be increased in those
areas that have high amplitude in the second bending mode and low amplitude in the
first bending mode. This is locations i and ii on Figures 13-17. Also, decreasing the

25 mass at the line iii portion of balance bar 1301 on Figures 13-17 raises the drive
frequency without impacting the second bending mode frequency. Since, as can be
seen on Figures 13 and 14, the vibration amplitude for the first bending mode is high
at location 1307 while the vibration amplitude for the second bending mode is low, as
shown on Figure 14, Thus, removing some of the mass from location 1307 of the

30 balance bar raises the drive frequency but does not affect the second bending mode
frequency.

Figure 15 show an embodiment of this design. Balance bar 1503 stiffness is

reduced by removing material from portions 1508 and 1509 on either side of its center
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fs! 109&' () - MHQMmg@odefrequency further. Mass is removedfrom the central portion
5 1506 of the balance bar 1503 leaving a void 1507. Figure 16 shows the resulting drive
mode shape and Figure 17 shows the resuiting Coriolis-second bending mode shape
for the flowmeter of Figure 15.
Figure 18 shows another embodiment of the invention using bellows 1808 and
1809 to reduce the balance bar stiffness. The embodiment of Figure 18 is similar to
10  that of Figures 15, 16 and 17 in that it has a center element 1806 comparable to
element 1506 on Figure 15, The Figure 18 embodiment further has a reduced mass
area 1807 comparable to element 1507 on Figure 15. It also has added masses 1504
and 1505 comparable to the added masses of Figure 15. Flexible bellows 1808 and
1809 on Figure 18 have reduced stiffness comparable to elements 1508 and 1509 on ",
15  Figure 15. These characteristics of the embodiment of Figure 18 serve to raise the,
drive frequency and lower the frequency of the second bending mode in the sam.e
manner as is the case for the embodiment of Figure 15.
These design features described for Figures 15-18 can at best bring the second
bending mode frequency of balance bar 1503 down to the first bending mode (drive)
20  frequency. This can be illustrated by assuming that the central section of the balance
bar 1503 has no mass and.the reduced stifiness areas of the balance bar have no
stiffness. In this most extreme case, the central section of the balance bar can be
completely neglected and balance bar 1503 behaves like two independent cantilever
beams 1511(Figure 19). The first bending (drive) mode shape then looks like Figure
25 20 and the Coriolis-second bending mode shape looks like Figure 21. There is no
difference in the balance bar shapes between the drive mode and second bending
mode except that in the drive mode of Figure 20, the two balance bar beam ends
1511 are in phase and in the second bending made of Figure 21 they are out of phase
with each other. Since the bar ends are not connected, their phase relationship with
30 each other makes no difference to their resonant frequencies. Thus the second
bending (out of phase) mode of Figure 21 has a frequency equal to the first bending
(in phase) mode of Figure 20.
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10  concentrating the spring in brace bar 1502 so that the spring is adjacent to the end
nodes. Moving the nodal location can then have a significant effect on the effective
spring rate of the balance bar.

In Figure 22 flow tube 1501 and balance bar 1503 have equal drive mode
vibration amplitudes. Figure 23 shows the same balance bar drive mode vibration
15  amplitude in conjunction with a near zero flow tube vibration amplitude. In both
figures, brace bar 1502 has a stationary node plane 2201 between flow tube 1501 and
balance bar 1503. Stationary node plane 2201 is a zero vibration plane and vibrates
with neither the flow tube nor the balance bar. In Figure 22, because of the equal
vibration amplitudes, stationary node plane 2201 is located approximately half way
20  between flow tube 1501 and balance bar 1503. In Figure 23, flow tube 1501 has a
much lower vibration amplitude (and a larger mass) and therefore, stationary node
plane 2201 in brace bar 1502 is located very near flow tube 1501. As far as the
, dynarhics of the system are concemed, stationary node plane 2201 marks the end of
the balance bar 1503 spring region in each brace bar 1502. The shorter effective
25  spring of balance bar 1503 of Figure 22 gives it a higher effective stiffness than the
longer effective spring of balance bar 1503 of Figure 23. With most of the spring
function of balance bar 1503 residing in brace bars 15602, a higher flow tube/balance
bar amplitude ratio results in a shorter and stiffer effective balance bar spring region
than a lower amplitude ratio. Thus designing the meter so that it has a higher flow
30 tube/balance bar amplitude ratio in the first bending (drive) mode than in the Coriolis-
second bending mode can result in the Coriolis-second bending mode having a lower

resonant frequency than the first bending (drive) mode. This is explained below.
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Also, the law of conservation of momentum holds:
10

MV=M,V,,

It can be shown from these two laws that the vibration amplitude ratio is the inverse

15 of the mass ratio and also that the mass ratio and stiffness ratio must be equat:

At__Mbb_Kbb
Abb M: Kr

20
Therefore, for balance bar 1503 to have a lower vibration amplitude than flow tube
1501, the balance bar needs to have a higher mass and stiffness than the flow tube.
The drive frequency is raised above the Coriolis second bending mode
frequency in the following manner. The vibration amplitude ratio in the first bending
25 mode between flow tube 1501 and balance bar 1503 is made high. This is done by
making balance bar 1503 and its elements 1511 heavy and stiff compared to flow tube
1501. The result is that the stationary node plane 2201 in brace bar 1502 is close to
balance bar 1503. This makes the spring rate of balance bar 1503 (in the drive mode)
high. In the Coriolis second bending mode, however, the amplitude ratio is reversed.
30  The flow tube Coriolis deflection amplitude is low because it is not being driven at its
resonant frequency by the Coriolis force. The balance bar amplitude in the second
bending mode is high because it is being excited by the Coriolis deflection of flow tube
1501 at or near its second bending mode resonant frequency. The flow tube/balance
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igtt)/dLiLl(()g v & %e%@é‘eg%%{%ﬁ‘ a%plﬁuéé r ﬁVE?hleq’n]tRé d mode and is low in the
Coriolis second bending mode, the balance bar springs (which reside in brace bar
1502) are stiffer in the drive mode than in the Coriolis second bending mode. This
enables the second bending mode to actually have a lower frequency than the first

10  bending drive mode.

In summary, there are four design features that characterize the present
invention. First, the stiffness of balance bar 1503 is reduced on both sides of its
central region 1508. Thislowers the balance bar second bending resonant frequency.
This is done by elements 1508 and 1509 which are flexible and have a low spring rate.

15  Second, the mass of balance bar 1503 is reduced in its central region 1506 and
increased immediately outside of the reduced stiffness regions 1508 and 1509. This
raises the drive frequency and lowers the balance bar second bending mode
frequency. Third, balance bar 1503 is made stiff in its beam elements 1511 so that
much of the spring of the vibrating structure occurs in brace bar 1502, This causes

20  the balance bar spring stiffness to become a function of the vibration amplitude ratio
between the flow tube and the balance bar. Fourth, the relative mass and stiffnesses
of flow tube 1501 and balance bar 1503 is such that the vibration amplitude ratio (flow

- tube/balance bar) is higher in the drive mode than in the Coriolis-second bending
mode. This allows the balance bar second bending mode to have a resonant

25  frequency slightly less than the first bending (drive) mode. It may not be necessary
to employ all of these design features to effect the sensitivity enhancement of a
Coriolis flowmeter embodying the present invention. It is only necessary to employ
enough of these features to reduce the balance bar 1503 second bending mode
frequency to be below the drive frequency.

30 The preceding described embodiments of the invention have the form of a
single straight tube with a parallel balance bar beside the flow tube. This has been
done only for clérily of the inventive concepts. The principles and design features of
the invention apply equally well to a single straight tube Coriolis flowmeter with a
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balance bar 2503 is concentric with and surrounds flow tube 2501, Balance bar 2503
10  is connected at its ends by brace bars 2502 to flow tube 2501. The center portion of
the balance bar 2503 is light weight due to void 2507. Sections 2508 and 2509 are
of reduced stiffness. Balance bar 2503 also has added mass elements 2504 and
2505 corresponding to elements 1504 and 1505 on Figures 22-24. This design of the
embodiment of Figure 25 permits the second bending mode frequency of balance bar
15 2503 to be slightly lower than the first bending mode (drive) frequency and provides
the same advantages formerly described for the embodiment of Figures 22-24.
Figure 26 discloses embodiment which is similar in most respects to that of
Figure 25 except that flow tube 2601 and its surrounding concentric balance bar 2603
are not straight but instead, are curved upwards from horizontal at portions 2615 and
20 2616 from which they extend upward until they make the transition from vertical to a
horizontal at areas 2617 and 2618. The center portion 2606 of brace bar 2603 has
a low mass area 2607 comprising a void and elongated elements 2608 and 2609
which édditionally have a low spring rate. Elements 2604 and 2605 provide additional
mass in the same manner as do elements 2504 and 2505 of the embodiment of
25  Figure 25 and in the same manner as do elements 1504 and 1505 in the embodiment
of Figure 22-24.
On Figure 25, meter electronics element 2420 applies drives signals via path
2423 to driver D which cooperates with an adjacent magnet M to vibrate the flow tube
2501 and balance bar 2503 out of phase with each other at a resonant drive
30 frequency. With material flow in the vibrating flow tube, Coriolis forces are applied to
the flow tube to deflect its left-hand portion out of phase with respect to its right-hand
portion as is well known in art. These Coriolis deflections are detected by left sensor

SL andright sensor SR. Signals representing the Coriolis deflections are applied over
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the presentatlon of Figure 26. In this view, only the left magnet M associated with
sensor SL (not shown) and the center magnet M associated with driver D (not shown)
and the right-hand magnet M associated with sensor SR (not shown) may be seen on
Figure 26.

15 It is to be expressly understood that the claimed invention is not to be limited
to the description of the preferred embadiment but encompasses other modifications
and alterations within the scope and spirit of the inventive concept.
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5 flowing material through said flow tube;
vibrating said flow tube and balance bar out of phase with respect 1o
each other in a drive mode having a drive frequency substantially equal to the
resonant frequency of said material filled flow tube and said balance bar;
inducing periodic Coriolis deflections in said vibrating flow tube having
10  said material flow;
said periodic Coriolis deflections being characterized by regions of
deflection as well as nodes having no deflection; '
characterized in that said method further includes the steps of:
inducing Coriolis like deflections in said balance bar at said drive
15  frequency in response to said Coriolis deflections of said flow tube;
said Coriolis like deflections having the same number of nodes as said
periodic Coriolis deflections;
said Coriolis like deflections define an induced mode of vibration of said
balance bar having a resonant frequency sufficiently close to the frequency of said
20  periodic Coriolis deflections to increase the amplitude of said Coriolis like defiections
in said balance bar;
said Coriolis like deflections of said balance bar having an amplitude
proportional to the magnitude of periodic Coriolis forces of said vibrating flow tube with
material flow;
25 detecting the velocity of said flow tube with respect to said velocity of
said balance bar;
generating signals (SL, SR) representing said velocity of said flow tube
and said velocity of said balance bar; and
deriving information (2520) regarding said flowing material in response
30 to said generation of said signals.
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(- deflectlons includes the step of inducing said induced mode vibrations having a

resonant frequency greater than said drive frequency.

4. The method of claim 1 wherein said step of inducing said Coriolis like
deflections includes the step of inducing said induced mode vibrations having a
resonant frequency substantially equal to said drive frequency.

5. The method of claim 1 wherein said step of inducing vibrations in said
balance bar (2503) includes the step of extending forces indicative of said periodic
Coriolis deflections from séid flow tube through said brace bar to said balance bar to
induce said Coriofis like deflections in said balance bar.

6. The method of claim 1 wherein said steps of vibrating said balance bar
(2503) includes the steps of:
flexing ends of said flow tube in response to said periodic Coriolis
deflections to flex a first end of a brace bar means (2502); and
5 flexing a second end of said brace bar in response to said flexing of said

first end to induce said Coriolis like deflections in said balance bar.

7. The method of claim 1 wherein said step of inducing said Coriolis like
deflections in said vibrating balance bar (2503) includes the steps of:
inducing said Coriolis like deflections in said balance bar (2503) at a
second bending mode having a resonant frequency substantially equal to said drive
5 frequency; and
operating said balance bar as mechanical amplifier by inducing said
Coriolis like deflections in said balance bar at a second bending mode resonant

frequency of said balance bar at an amplitude greater than the vibrational amplitude

31



1 1098 () -z, " 10% ()-& 10% ()-:66a?b@ 10!!! @1$10% ()-3/! 10%& () -

- 1109& ()-!, *$109& ()- f)3100& ()-'!10%& ()-6bC 10 January 2 2003
10111 f110%m& ()-"@10%m& ()- 10 10 10< 109& ()- 6! 109%& ()- -

@1$10% ()-34aBbC 10! 11 S10%r8’ ()- f-10%r& ()- ! 10%r& ()-! 10%1& () -

100618 ()- ! ' $100& ()-: 62) dEDC 10111 % " 10%r& () - SES10%1E’ () -
10%m&' () - f%@mb}lohsl@éﬂ@cﬁc)ns bflgafﬁ‘gflc(\)\) u)ﬁelﬂ{f%@ldl éhécﬁé'd&%ﬁ& &éﬁectlon
53$10%r& () o= TO%TR () - S+E10%68" () - GOATR! (

10! 1 11 $0927€qY9NCY; S1O% () - 10m 10m 10rrS 10%r& () 8 10%r& () 6

"10%&' ()-F E6<xWU3b@

101 y$S1090MAE () - #! y$109& () - #! Hy$LOYRRE () - #! ySLO0UWRRE () - #! k$109%&' () - ! $109%27
& ()-x03456FzodYg, 10! #hie H8thbld of ktairhOl ﬂﬂhéﬂcompnsmg the step of transferring the
109& ()-1:y$104 [ & () - #1yS10vN () - #! 5%}3 09 [ & () - #F/ waBdY: 10!!10% U& () -

1 10% U& () - effaratty%aﬂ&lr@o $3i¢ belrncerbar (3 H‘Lre% wd@alaswcfd%rmse)d prace Ry

101, Y10% U&{oans (EEO%MJ& 6)sedd b i r(a Q%E@hér‘)ﬂrequency of said balance

bar.

9. The method of claim 1 further comprising the step of lowering the
resonant frequency of said induced vibrations of said balance bar by lowering the
effective spring of said balance bar.

10. The method of claim 9 futher comprising the step of lowering the
frequency of said induced vibrations of said balance bar (2503) by the provision of at
least one flexible portion of said balance bar together with the provision of increased
mass (2504) on at least one other portion of said balance bar.

11.  The method of claim 10 further comprising the step of providing a void
(2507) in at least one portion of said balance bar.

12.  The method of claim 1 wherein said method comprises the step of
lowering the resonant frequency of said induced vibrations of said balance bar by the
provision of flexible portions (2508, 2509) of said balance bar at locations of high
bending moment of said balance bar in said additional mode.

13. Themethod of claim 1 further comprising the step of maintaining the end
nodes of said vibrating flow tube (2501) and said balance bar (2503} in said brace bar
(2502).

14.  The method of claim 13 wherein said step of maintaining comprises the
provision of stiff sections (2511, 2506) of said balance bar (2503) and flexible sections
(2508, 2509) of said balance bar not comprising a stiff section.
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&$710% & ()-"10% &6() - The method of claim 1 wherein said drive mode comprises a first

bending mode and wherein said induced vibrations of said balance bar comprise the
second bending mode of said balance bar.

17. The method of claim 16 further comprising the step of lowering the
resonant frequency of said second bending mode of said balance bar by the provision
of a center portion (2506) of said balance bar and a flexible portion (2508, 2509) on
each side of said center portion of said balance bar together with the provision of

5 increased mass on each side of said center portion.

18. The method of claim 16 further including the said step of lowering said
resonant frequency of said second bending mode of said balance bar (2503) by the
provision of flexible portions (2508, 2509) of said balance bar at locations of high
bending moment of said balance bar and increased mass (2504, 2505) at locations

5  of high vibrational amplitude in said second bending mode.

19.  The method of claim 1 wherein said Coriolis like deflections induced in

said balance bar are in phase with the periodic Coriolis deflections of said flow tube.

20. A Coriolis flowmeter having a flow tube (2501) adapted to receive a
material flow, a balance bar (2503) oriented substantially parallel to said flow tube and
a brace bar (2502) means for coupling said balance bar to said flow tube; said Coriolis
flowmeter further comprising:

5 drive means (D) for vibrating said flow tube and balance bar out of phase
with respect to each other at a drive mode having a frequency substantially equal to
the resonant frequency of said material filled flow tube and said balance bar,

characterized in that said method further includes:
periodic Coriolis deflections being induced in said vibrating flow tube
10  having said material flow;
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said Coriolis like deflections define an induced mode of vibration of said

balance bar having a resgnant frequency sufficiently close to said frequency of said
periodic Coriolis deflections to increase the amplitude of said Coriolis like deflections
in said balance bar;

20 said Coriolis like deflections of said balance bar having an amplitude
proportional to the magnitude of periodic Coriolis forces on said vibrating flow tube
with material flow;

means (SL, SR) for detecting the velocity of said flow tube with respect
to said velocity of said balance bar;

25 means (SL, SR) for generating signals representing said periodic Coriolis
deflections of said flow tube and said Coriolis like deflections of said balance bar; and

means (2420) for deriving material flow information in response to said
generation of said signals.

21.  The Coriolis flowmeter of claim 20 wherein said means (D) for vibrating
said balance bar induces said Coriolis like deflections in said balance bar with said
induced mode of vibration having a resonant frequency less than said drive frequency.

22.  The Coriolis flowmeter of claim 20 wherein said means (D) for vibrating
said balance bar induces said Coriolis like deflections in said balance bar with said
induced mode of vibration having a resonant frequency greater than said drive
frequency.

23.  The Coriolis flowmeter of claim 20 wherein said means (D) for vibrating
said balance bar induces said Coriolis like deflections in said balance bar with said
induced mode of vibration having a resonant frequency substantially equal to said
drive frequency.
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186&02%;4&%){%9%@1&& ﬁ&;iczgs_ I@ Is?iél%tz%lla{\cc_a bar flexesE fggcsiqulsaid flow tube in
response to saic?/ periodic Coriolis deflections to flex a first end of said brace bar; and

flexes a second end of said brace bar in response to said flexing of said
5 first end to induce said Coriolis like deflections in said balance bar.

26. The Coriolis flowmeter of claim 20 further comprising means (2508,
2509, 2507) for lowering the resonant frequency of said induced mode of vibration of

said balance bar to a value approximate that of said drive frequency.

27. The Coriolis flowmeter of claim 26 wherein said means for lowering
comprises added mass (2504, 2505) in regions of high vibrational amplitude in said
Coriolis like deflections and comprises flexible portions (25085, 2508) of said balance

bar at locations of high bending moment of said Coriolis like deflections.

28. The Coriolis flowmeter of claim 26 wherein said drive mode comprises
a first bending mode and wherein said induced mode of vibration of said balance bar

comprises a second bending mode.

29. The Coriolis flowmeter of claim 28 wherein said means for lowering
further comprises a rigid center portion (2506) and an added mass (2504, 2505) on

each side of said rigid center portion.
30. The Coriolis flowmeter of claim 29 wherein said means for lowering

further comprises flexible portions (2508, 2509) of said balance bar at locations on
either side of said rigid center portion.
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32. The Coriolis flowmeter of claim 29 wherein said fiexible portion
comprises bellows (1808, 1809).

33. The Coriolis flowmeter of claim 27 further comprising means (2508,
2509) for reducing the effective spring of said balance bar to reduce the frequency
of said induced mode of vibration of said balance bar.

34. The Coriolis flowmeter of claim 20 further comprising means (2508,
2509, 2504, 2505, 2507) for concentrating the effective spring of said at least one flow
tube and said balance bar in said brace bar.

35. The Coriolis flowmeter of claim 34 wherein said means for concentrating
comprises stiff members (2511, 2506) on said balance bar and flexible members
(2508, 2509) on each portion of said balance bar not comprising a stiff member.

36. The Coriolis flowmeter of claim 20 further comprising means (2508,

2509, 2504, 2505, 2507) for maintaining the end node of at least one flow tube and
balance bar in said brace bar.

37.  The Coriolis flowmeter of claim 20 comprising a substantially straight
flow tube (2501) and a substantially straight balance bar (2503).

38. The Coriolis flowmeter of claim 20 comprising a flow tube (2601) having
a curved portion (2615) and a balance bar (2603) having a curved portion (2611).

39. The Coriolis flowmeter of claim 20 wherein said induced mode of
vibration comprises the second bending mode of said balance bar.
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in said balance bar with said Coriolis like deflections defining an induced mode of
vibration of said balance bar having a resonant frequency lower than the frequency

5 at which said flow tube is vibrated:
said Coriolis like deflections being out of phase with said Coriolis
deflections of said flow tube and having an amplitude proportional to the magnitude

of periodic Coriolis forces on said vibrating flow tube with material flow.

42.  The Coriolis flowmeter of claim 20 wherein said means for inducing
Coriolis deflection in said balance bar comprises:
means (2502) for inducing Coriolis like deflections in said balance bar
with said Coriolis like deflections defining an induced mode of vibration of said balance
5  bar having a resonant frequency lower than the frequency at which said flow tube is
vibrated,
said Coriolis like deflections in said balance bar being out of phase with
said Coriolis deflections of said flow tube and having an amplitude proportional to the
magnitude of periodic Coriolis forces on said vibrating flow tube with material flow.
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