; EFGHI JKLMNOPQRSTUVWKe3exxyt ~HT60Tk69 December 2002 Met hod and Appar at us
for a Sensitivity Enhancing Bal ance Bar Field of the Invenbl n_Thi s
invention relates to a single tube Coriolis flowreter and ‘?fgmbeﬁa?%?r
5 a nethod and apparatus for a Coriolis flowreter having a bal ance bar that
enhances the sensifethéd afll A@sarfalt@w SfSérﬁsthﬁE'nﬁanfchr@gVBa'Féﬁé& gar Single
tube Coriolis flowreters are irabl e because they elimnhate the 10 15
expense and the plugging problens of flow splitting manifolds of dual tube

Coriolis flowreters. Single tube Cﬁél%l : @!I ! ﬁ%mgs have a di sadvantage in
that their flow sensitivity has be of dual tube Coriolis
flowreters. The fThiyiaesttion ﬂélét}ésltéa'QM@I@ tuee CovvlisgrRAMANSter ERE 1ﬁ'p"a&¥cula‘5r to
that for the sane flow rate, a si a e tube flowreter nust have a | arger

di anet er 5f | owmelhed apE appgratusfanaworalisiiowmeterhaving a balancefoer that epbantiasy
and Iess_ res n\éﬁvﬁ o?ﬂ{é ﬁ#\flﬁweﬁé’ﬁtg ate-l:%‘? lé&,cond reason has to do with

t he detalls MesSs rate I's rimned. In traditional dual
tube Coriolis rovvrreters the flow tubePrabdemi brated out of 20 25 30 phase

with each other. The du fl ow tubes act as a counterbal ance to each ot her
to create a dynan®®gig 97‘-‘ (Caticda flawmetarsearevepsiratle kegausethey celiminatecteat

two | ocat | ongyglaatddih efbnayghgﬁfrgbrewswﬁswtgftﬁnfrfdo@!aate WIS e YOG YRAR

the fl ow tube he vel ocit rs are usua eq ua distances
upst r eatOandflolemetdrs e Bingledube t&ortallbefbwmetqmslhaw a &‘zsaﬁvambgenm yhatahsioflow

t f t, fast dt f ast d h
other - The rSeTRIY i PeRndPweR RS thaf i il BRe Cordll: fosmetia, phis ok
a:vol tage. TéehsHivitysOiciaer fepiw&Peﬁoﬁshemé irsttis MSatitbPMd &Qﬁ? f@p@%%ﬁisesﬁg:e

si nusoi dal voltage i n each sensor. ‘Wen there is no nateri a
vol t ages fr otubeHeowmetargnyst hgvesanarger dismeter fenidubeaifohacgicdn oweaate. Whis

the movi ng kPt etire! Bnsiid B3I Tefh ) v B oReldAreR: ThashcaRiBrasdn
vol tagess Thigagmsdo Withwhe aetailssof Howp thie imaizalflovordtdisdefeasmedi f ference. 1t
is inmportant to note that both flow tubes are di storéed equally (for an

equal divi si.on ofInftragijiona dushiubeg Cavictis Hawmeaterss the Haw ! W%é“séresﬁbﬁaiech@ittq{e
th t t

e e onobERRAN adch B8Rl THS oM BoShoean SR IRGRheY B S ol
as the vol tagea%éyrzﬂmﬂalbyb&lhaceﬁgﬁnmtunwVelsemyssanmsarelataedawmﬂoeamns

h di ff h h 66166*
Decenber 2003075 166 e KRGt PRl die SBIAHME Rlesity PAgvasnole, (o Tibes. *The
count er bgl angacifysensbrd adassUalY Idaitd@BqliBpdisrneb Y apsirb AW drdfown et from

sensor magnets (Or coils) are nounted to the bal ance bar as though it were
the second fiN@iHResENidEeidts. FerrhyrRIoety $RVROFepnsisiseia mageet fasteneso aoe flewow

t hrough t he er r r
o Prcant LB alHi tastarAd HRloGKRE IR AROMER d the Soldh i ine .
velocity betmgnemmbelﬂrmwum avelﬂagé oihhetslnmsmﬂial ratiomoof-thé aibeatirty flavetibes
bal ance bar. B ance Bar vel o at .each velo tv};
sensor -may bR 85?%?@?%??'%@ K?g?g&'?fa\‘f cﬁqﬂsgrhg{l%’ 848 ”Q@P@”émo the

anpl i tuds. 'Nitﬂtalg@b&fdmﬁthé(@h@vbtobt{(%@dsufﬂ aro@ pnaseomteaﬁbh bﬂ{é?mw;fh &ea’ténw)
can be determ ned addi n élg}the two 10 vel ocity vectors. The flow tube _

vel ocity vectiew thﬁé"ta'aﬁﬂ& are digiestadobyiifiePPHPlS fasee ofthe maviagdratedal to
vel ocity Vecéélfser??hé%;a fﬂﬂ@ﬁ@e Bividen At sEE}ﬁoﬁ%o‘fﬁa@Eﬁr THa! %E?sf ?lgﬁ d'Qf%t is

phase shift wth ow 0 e ve ocity sensor ase
out put vol t agrepofticnad to this pbase/ difiensnce.i 8 is Guperantdy rtd’oethmm}on'hﬁcsw tithesfared

bal ance bar. e shift, reduct i tes on_in.the

row sensi 1 GreyerEauV AREaf ghup difEeRa ARl AR 8RN v EERAT e Same brase
sensi tigoty. ghi atthéMhéﬂt@olaﬂé@pénﬂmgﬂbc@ﬁoﬁdﬁeTW@pr@@aHﬁ@en@@f%‘a@ﬁ& Widdity
the reduction in sensitivity due to the larger (sin fl ow tubé di aneter

results in ahewifesame phaspasdie y@ﬁh’?@mmw%@plw(m %ot davapae sameehase as
accuracy and triaREGE oﬁéne?aﬁa%tﬁﬂg%%néf pa0 Eerﬁslb*?%af"’i"ﬂée&i&mstie% 38%or has
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20 The above and ot her problens are solved and an advance in the art is
achi eved by the present invention in accordance wth whi ch9 net hodzﬁéad
apparatus for a single tube Coriolis flowneter is provided e{ﬁeﬂ'@eé 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
flowreters, the balsinge tbbe flowmistererthewibrafingJophase Wééhrft@l%%%ﬁwtcefjob* e

I y 1 he

flow tube i fil bendi n de., The drive frequency 1s typical
resonant fr @&@ﬁgﬁ%ﬁaﬂ?ﬁrﬁ%%%”ﬁ TSI ffe. aMglocie Spasef nagneis! (oedofid)oave
tube in themdurséd ke : i r ingle tube riolis
flowneters the bal ance %%?ﬁ%ﬁ’gsstﬁgg?? ft(I\:A;aérsg%%és%%ﬁtsdéa%g{qffeé%ﬂpgg?Qove-
forces and OOWaYer.$irre Matariabesssototflow thtaughtthbbalahe bBE iR Rk %kﬁéff‘é?fcbon

T T espinde 8 CeRg o el P BEES R it B Shthye sahteanzors senstne
second bendraigtivendelocitytbetieghaiss pHaish W?lb\gt %gghgné ltﬂ%/ 6@%@&%‘? %@ﬁéb?gf

Coriolis forces. 2 r, cenber

caused by the a ie
flow, thg v B’F&E&?srﬁ Reflewhdernd balesce har\e@p@ﬁmueamhemmwsgﬁgor@ﬁé@ggi s

f . Th j j j y bst ant.i al | t i
et e (ARSI S IS Pl IEAATAGS Yol
f velooity (madenitage but dfedch velychysn k) Hede ek '

a: gqgre_ncgnoat a freguenﬁzﬁf ar t@ﬁé%éjhﬁ reso)ndaa(r?t fretgﬁglhgylb?fa@lawgq%hws

tube f07 thECleQW, RGtsyLhe dow ity Napter hana pheseshifs dbe te rmtera flow.

lied b o ' I .n f
The. drive’vi by ot fonoar TElOB FeqthCha  fare ik Rl Bdibg R el es ne

tube) howeveetphage shift with ewref tieaedocity seheors Sthendt brask wnm@%ﬂﬂ%ﬁ&@&“d
h an the

bendi : ency of the flow tupe is nuch hi gher 1
Frequency 18 S ARr ARSI o1 1acHigeBdt (e Hor-Base ShRed efanberbarquihis y
Thus, becayptsetshiffosdwition dauatss icsa a8dldiRe iﬁﬁhé‘ﬂf)%ﬁ%ﬂ&}{%éﬁhe{ﬁmve from

the resonant frequency of its node shape (the secon v RVIBSISTol i s
i nducelP def {R&E89%EOR in flawmatessansisivitaduetetye reropresal sttt of ianbalagcalpiy e

i nduced (fi ibeadi v ; i : shal | riolis deflection in
t he second %ﬁ?ﬁﬁgwﬁﬁggfg@ﬁqgﬁﬂ %%%'%g diugqmnﬁfﬂ%g%%?) flaw tube diamaer

del ay bet weesultshin ewombinedi fltowraetss wensitigivglss (b gl ] ow.
Because the deflection i 0 ls'(gﬁdsel azziif%ﬁg?%ttgeng%ﬁ%& an

r

smal.l, the ph

sensi ti vi t)?og?m%rrcl'%l‘acﬁﬂ’éé‘f:?éﬁfémgs% tHhe fipwraeters torieeme applidations.i s | ow. The
bal ance bar of the present invention igogedpected dt its ends to the flow .
t ube %bmsans of_brace bars which tranﬁﬁ“?[—wr&ns e vibrational forces of the
fl ow B0be to 20 ThKeabavarsnd dier prablemsaraustlvedt @1 dnh8dR@NGL 1AL Is ke
the flowt : i i node resonant. frequency nuch hi gher
than the f??@'FV%%‘P&‘%%Pi%%ﬁff"‘vvgﬁﬁ%éﬁga°§°ﬁ§@qenvéﬂwhcam Rethad anst appasatiss t he
flow tube #orea siegle tibel Coroits fwrmetertis BroviRRAGNg haial&SPNEHL omdhe
bal ance bar aecoF%.elﬁg di ng resonant freque,ncgljc,P the forces transmtt o
t he bal ancE"BATHY! COVYW 'ehEePSHRY t9drateriakiiow. Batmip the gresant imiendsn as
exci tati onwefl dshig Srsroa niure ; I ar. . Thus, . while in

rt neters.the fIO\?vp‘lgube haggﬁﬁ{ﬂ%wﬁggégg’n@gcﬁ%’g?%%b@i)fsi YMED ¥irfes,

pri or \
t he bégancﬁhﬁﬁﬁ wWHBdesRreat to trflows tuheiinahd fisgtienaingsmodie.t ee BFGS BBEuEAYEAL | ON

i nvol ves sRigidd : r f. the various npde shapes of the

bal ance bap P e AE T HRRE KR AL BFBofhnk Kaitia C4Tanm ey maicsadhach ol

accor di ng tubetinie fishapadingmoedd bieacH. Iegrensy sﬁ@@ﬁbe@d’r%‘ﬁ%ﬂbwﬁgtg&sitﬁ%;hat
e rirs e

t he node n ' al .to.the nunber of ngdes m nus one.
has two 'nogg@ﬁ%%baf%&ﬂéﬁbgﬂf.'caﬁﬁée%'@éﬁdoItﬁ% Fpksforeas amd Ceridis deftbdtiong he
center). ToetHehfisw thpadi Iﬁghg?ﬁésé}ﬁsinfl&ﬂfonn%ivi@teq‘rhaﬁcement is achieved by
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.



9 ,Decenber 2002 In accordance with the nethod and apparatus of the present
itnvention, the second node bendi ng frequency of the bal ancgrﬁarmi Sr% red
so that it is close to the first bending node (drive frequ cegff (?F t he
fl ow tube and the bal ance bar. The first bending (drive) node which has

| arge vibration [ i3l ihe i t : (-
fails to excite mhbrggtgﬁ:g!en%gghwu?ﬁgﬁggg%vntgtagg%gleﬂg 'ﬁ@%ﬁg@&ﬁ?@%ﬁ{lﬁg
di fference iGondigefostemedhel drivehuibrations ofetnei fiow tode araesubefdreiatie gredtapen of

the bal . f be) h that.th h di spl t
whi 1o the  APHUERIALEY TS defedionb siBaneharaA iR MeScnant ropedncore the
maxi mum di s phareabhilediauiubenthiting G‘%ri@%‘&éi‘fecﬁibﬂs é{]éedrﬁl%ﬁ%g f%&ﬂ%b?@fﬁ%&

the ends and 10 center have no di spl acenent wt ‘the maxi mum cenent s
occurri g athawesanankéregyeneyiat therflamtibetfoetheUeanialisrddfecton momendtmpe. The

Ho . the~sSign 4 i_spl. . i h

one-ha  of QISR Rlods &L aBBEE HE e RENS DRt IF 68 it sk, ki somes

the ot her hétdquensy asghtidrivediispationenmhk.Comsisiterel ihdaéed Beﬂé’&ti‘ofneéfﬁﬁsfﬂdg&‘
e

node shapes,is that while fhe vi bration of the first bending node is ~

putting enetypi FRWeHe ih 8l thefamgeshaneaps thayaecond bradisgosade befii seconitie,

it is takin i : of, t he bal ance
bar. Ther ef %@B{Wﬁae? eHergtt ﬂléggﬁéﬁ ttﬁ%ﬂ%\gg%%%ggg%%?hlgnﬁjb{lj@nitge gauency
exci t edOby of lapaticationi of tha&drialis forcer{thendriverfdequanen). t Tiouwg hechass 8&008RbIIs
frequenci es_ may .be c[Lo e ghe Coriplis defl?cti n of the flow tube has the
sanme shape 5%'035%398&%?51% SHHRBPH R FoRe Vet reRkine; IsctRRfremsney of ts mads
flow tube hag ' ' [ e S . ter

oi nt . Thus o CBReR0he tEhMgh g Copls P el ions etk iR vephe
second bendnMigchemaller thamethiadiriver dndiegedv(fissttiending mesle) dafisctidrise dThd fspreh
the brace bars, . .present _inventiqn the, s nd bendi ng de resonant

f requency oﬁ (ﬁ%é agf'%%&og" '§359 PEC%‘&@E&%@BQ mqdse SfﬁgegPW\}Hg? I'%WH&"R?’??UQ%WG
excitatson phags delwy betvassetHeatve esL6EY Q@rﬁgﬁr@%ﬁmﬁﬁw R¥spoRge ?Q.rniué%le{i&l flow.
deflection of the flow tube becones sufficient To cause significant phase
del ay in thBesarsthie deafleciiontinsmadl e phasecdriay is soall.iantsthe Bensitiphaskpued ay
bet ween t he W i > phase del ay between the
correspondi ﬁga%‘t (I) tt%éeﬁéégg%qogﬂéteg%gﬁ%%ﬁ%ﬁggs the sensitivity of the neter
to flow 30 In adberbddaree bart of thefpreséntdniadiomestconhettbd 4t meedsas thé Rew

second bendj n tEmde resQ?rtl)ant frqu&nq of the b@)l'ance bar is bel ow t he
drive frequg‘ﬂ%y YHeARs o Phire Bies YWHah {1esmy tBe vibratignal ferces ofdiel flawnisiae tohat
when ag@echgy sahn@ssat. | AAior art' SBEELTY i1 i dd
frequency, the _osgi | | at o? FSr?rtc))\l;ers)t rgﬁ%m%%pghd;_se 4 Y%nkeéth%ﬁfg%é?ﬁb%é?%éo&%ﬁe
exci ting di BpNAiPgmede resenant kagyencymucihhichat handhe fisstbensling atafriverhoda
that is out it : CAr 104 L §dk, R [ on the flow tube.
Because { heobsoane ooy he Beiofidrl orihe Bolr Wb Bl ey sl il S 2Bt ek geahinne <
the Cori ol i fardefayedifoors the betandd bar sedmnd béveding besdriamn fRmREhEY dBe 9brdale
bal ance bar, g ?’ﬁﬁﬁ%@’d b?hrldi n m)dg 5, def | ec%i onsg increase as the Corioglis
force on th&ap Hulse T O SPrRY A% @ tla?%ﬁﬁ%%@aé%é?ﬁiﬂt e Rl signifierns

def | ecas onsewnditatiba df thw seubed deAdinemBab A &ice BalanB8Er! ThHuselRfs § AGPaR"
coupled to the flow tube and bal ance bar to generate output signa E 0

i ncreased phedersdie dlpw wheshas lttleypspemgmicetine Gotislist fostespthebalance biangias
tube Corioljhgnd ! owreters. 10 The reduction of the second bendi ng node
frequency of the bal ance bar below the drive frequency is achieved by a
physi cal re-desi Gne ahethod bad aapparbtus ohtite pmsameisvemtroadinsbnviabtshiifm%qhei ts

d st . i d f h tral_portion of_the bal
bar it ch STy pRREcen fhe' SRRYES madi shegesuel B8 hdRies BRcc 1T msacboon
the ssmnd dwifdsing. f TRaUsHaYion Theda@sse RARYA adearditd 6 keit Rards, C}fblt{tpﬁiéﬁ

second bendi ng node frequency because the second bendi ng no
anpl i t ude rEAAURNSY VERT.eA usefgkrylg is that the deera oumber imequaido biae noedrertdie

vel ocity senseds heRAIHISTHNRS MLAYRES thR o365 et PESl NG IS £ 4 BIUENS

nore than the
(at the ends and in the center). The third bending mode has four nodes, etc.
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drive frequency because these are the |ocations where the second bendi ng

node anplitude is greatest. 20 Bal ance bar stiffness is nogidli eatly
softening it in the regions of high bending in the second ggﬁ&?ﬁagﬁ%@g

These locations are slightly toward the center fromthe velocity sensor
| ocations. Renpbving stiffness in these areas greatly reduces the second

bendi ng npde frednesuepradtdeewit I n i ve, freguenc
since in the dri ve n&?é t here I?gh??%%thé& a@ﬁ?é"?&?}]&t%@@% Igfegggt 'nI‘fFﬁtéq’n y%

stiffness i °4998d0dbending Feguensy oftthe balabee hacie Ibaeredss wee s hesS@f the
while h

little 'e?f'e%t ?Ziﬁi’“é Fddd (GREE 1Bl BRoD BT REIL e AGEEETRYq thebaiogs bagaThens

f the bal arfost [ wosde whicheleay R

?s Ioalerat ﬁan f??gmm []a rr:)de drd:'gf/iwgﬁtg)quen?ymo‘\%ﬁ]“%ﬁtﬁé) éwé}"’be

achi eved trf’é‘dc%‘re SRR %F't%ﬁéeb qeuber iy the secsmd berdingrapys he

flow 30 tub bar. Thi

| nduces tﬁeq’c‘%‘.ﬁ’?Pi’é‘?E‘“é."E'éf@E JhSds Snidks, S et BRndoEeca e deflecssd

phase i th tshepesf the bslaufﬁ EectarxdrfhovofubeEs Suohhatthe.entharyeifd LiSGhLaRRA" ©

referred to | Ke at t assune a node shape.t

simlar to tvﬂglte tgg Iéﬁqthiwtwa%%t%pﬁ Eé? | ?éamSyd@Iap@me@t RIII?I tEeDmenﬁm

2002 f 4 t

berform f?@%fﬂh‘%‘*&‘%@%ﬂﬁ?ﬁepaﬁ e R8EoRS BRRBnd HoERahe bsibt et

assunesOa  CSPNErN3ve P dispirapmenpdthebe Medimim dlsplaoérrwﬂ%@c&urhﬁg éﬁaﬁc{&mhé o

the other flg t th | e tube net

bresent 1 nvEF a8 2T lehia BpdiholS., Plobugrtha sian ot Wsplacementhe

phase of thehaagwatetﬂwmemeppaiﬂxt @@ﬁﬁhﬂ@néﬂh@ﬁ o théadddIQ@cg“btap &)Ff?cﬁfﬁg&bet)oh the

phase of the defl ection of the flow tube nds

rel ati onshi f°8 ‘V? a@p aeEIN whiledha etesr hﬁlf anegammspacemmnqihbe@@hmef

node to the .The nd bendi ng node
f requency Cg‘lt’lé @ﬁ%%eg@@gg%edgﬂﬁé{% |§¥|§Q1%§CIH§QF[¥;8 fiogod %?rsttlh’ﬁﬂdmﬁénw‘?ﬁt
Eenﬂl n@fhrmdsuwg enejgyf interprestuglf ofithe bhkanse banih the 8ek A BBHS‘ngrn?&Héeﬂgz}’taang
i gher than

égg %II’I Ve fr‘ﬁ uenc))/ toge bal ance bar -second ben
vibrates in U AeHt Hticd the-etherhaki phthethalanes baheTIIeIreINré theenet
Thi s tends éme¢tesiwm¢tﬁ@§§éando5@&ﬁn§mofdb 18 At BLOER Plipp I‘ojﬁn{;‘ééﬁgéa'ﬁ‘éﬁége

bal ance bar's second bendi ng node Trequency IS
as above di 9@ge&yaN thgugh]@ed’@ﬁgn@@t ﬂo@quemmrmwmmge node vi brates out of

h With the f d t t
hase shi i1 and [Tousieny SRt PG T e el bl kartewhipe s heammeoc

when t8@ schendingmodierinthabties displacemeynt oahabw&uba%afslarrﬁép&?ﬂgo[q% cP:Pg’ﬁwer
drive frequ gg%st‘ggfé ﬁ‘gson }or thlﬁ_lsthat the flow tub
vibration a hibeiiawL g denterainte M%’é?l@ﬁ%’@“ﬁﬁ@@e@mﬂ@fttherilomtebers gble

phase. The toebxoitbltiie SRROAUSHERINGG Middebi ¥R t the f' ow tube
and bal ance bar whi %h means that i n phase rmtggag'% %(a'b\gg Hipcpitted

other. Thi ShFRgBBE bragmbays. And's%pmseehlnmlmmmnthesemﬁtt%nm mou@aésma%t It

he bal f I I h
first ab‘éﬂﬁ?a?”r?é‘ﬁggﬁﬁﬁ‘??ﬁ%@%%ﬂ%qﬁaéé BRI Yo B ﬁa‘qﬁ%ﬁ& Tuperatavans! oo

| ar ge 2% ?g edalangenbat  sstdral bendvnaa?w@@ysth@p@aﬁbmsedagé%n B flow tube
conrti guratl 1N er Vi ng | rovea sensitivi

conf i gur at |b8ér% ﬁﬂe@ﬁ%ﬁfsﬁe?ﬂg CﬁHF%ﬁ@%&Pt B'é%%ﬁ]ﬁg'%ﬁgmﬁ;b#éd@e baea;fdbezwacﬁy
bel ow t he drangor bratiorenCnisphavevetsy befiddiP i thBRER RS A0 D3GR Of L e

flow tube and bal bar add and al so because t a
bal ance t h@EEgH @yt ween thet eorrerponinge flawd tuken tbaation Soand leh B ARESH M

bendi ng nodassitilify SOMESAES ingl e tube neters, the bal ance bar bal ances
the flow tube sh E}Ikl ng for gggélhcﬁ@t he first bending node only. The second

bendi @ node fr éqagmjyIaote kit doélrarmﬁbcktﬁmam Altth@ ifentioR ﬂ@é%go@%%%rgg

t han t he 08'8‘%@40}% te of the flow tube. Therefore, the secon

Decenber 2 QiTRTE eIy of dre balancedar is belawihe siive fraguendinobthediow t S
in the Corighe antiaheebalance bar. It is well known that when a mechanical oscillator's

resonant frequency is below the exciting frequency, the oscillator moves out of phase
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bei ng unbal anced and causing the flowreter to shake. Meter shaki ng can
shift flowreter sensitivity and cause errors. The shaking ﬁ % 5 is a
function of both flow rate and nounting stiffness. Since t Qﬁﬁuﬁ?l @
stiffness is not generally known, 5 this sensitivity shift cannot be

redi cted or g HESR i (e C

gecond Vi brattclgon mg@b?dgs e!%:bﬁt‘gﬁ 9(@?25&1&%?}:{%:&:3!8 md%éﬁgghgéggdgﬁécdﬁg that
VWen the secdmduttm‘rnha@ withitha Sobeliinduiced dieifiestion @qutﬁecﬂ@w titse.f Bevatisdhethe

and t he balac h brattgF out of (gr se wth %?ch otﬁ %the vi brating
forces of th S RBES BLHERR G EUHLR S35 ORE NN 1NQRLds t O%CH@IQGHQCMFS
effect of thef GFFérﬂdw tu‘vbef méteabmxohmnﬁhm%tdmﬁe th@wc@f@éﬂé sy béﬁtﬁngﬁ%cﬁd;éfg

bar's second node vibration increases as the Coriolis forces Increas
mai nt ai n§ t heBegtiongdaeressersiiae Sociolis dercern theofiowdbkee dnareased. These vat ek.

bal ance bar RASSERILBar B R HePrela BB TR [ BEE Y B dback Barformi
bendi ng mdeafwémwﬁﬁ@rysol'&wb%ﬁ to tise flowetibd BAY b&%d&@értb@e‘nb%té'eﬁ?&ut 9?&‘3!5“9
node (drive) frequency. This pernmts the balance bar to respond t

Coriolis def PE‘@F gned Qha%@elav&smsawaybgorap@mrpﬁgawmrmrag single tube Coriolis
defl ections Ef_%vm whi ch are out of phase with the Coriolis deflections
of the flow e. is out of phase relationship between the Coriolis

def |l ect iiQns of t hEhd fedluctiomef tandetdimd Eiemdlngmodle frequetdyesithebalapte bBPhelow

bal ance bar OV|de an increased ne phase shift oqut of each velocity
sensor and) BW diiyen fregueRts IS pehigYe (?Yf Pda/w@éﬁ?zd‘lea@ﬁ?ég’? ®fithatbajance daalthat

tube Corl oli

ube o1 of | eldBaRLEIINER 1 e 1AFSHEAICMABE il ROALERTES canya
shaki ng for cpemom\nf theppalancr barh.ehlch\termds tonradsertitenddvenfreqpenayt whige Bay l]ﬂ{bl S
fl owret er hayin flow ube an&ﬁa bal ance bar ori entﬁg substanti

parallel to Y3 t?l H’v@ PR at?-ﬁf‘dfflﬁ AYCAyi HYP Bidzedepiava @;‘”Fdﬁ‘PéQﬁP@ %ﬁg

sai d bahsnces&@rndt@eﬁcﬁhg rhb@¥/ frdtfiincy abskdiRieh ek %%Bhtisbéﬁlﬂ \Aﬁ &@Fﬁa fittle
flowi ng material throu said flow tube; vibrating said f

bal ance bar amplf@de@ﬁawwqmelf eMase is thereaddedin B@anﬁeaadneaethsmééncxty

h d f f
oa d acer| ar et FEARBAK yAHID IS Mo YBOhE el Bird ind BRI nCy BRRC iR e
Coriolis defde irensricy tatadseithess argttd tooatiohe Wiw'ertge%cdnﬁﬂie@lﬁlr@ modew,

7 9 Decenber @_‘82 sai d riodic Coriolis deflections being characterized
by regions of™g %&Q@ﬁt ‘wel | as nodes having no deflection;

charact epi zed in e&waﬁcéahﬂstrfme*ae% frwdxmf b%@@éé&ﬂ%oﬁ@ﬁng‘it%st q%bﬁgdHPblgﬂ

Coriolis like deflections in said balance bar at” said ive

response to Befdingdsrineisesondperding sredef TReseilacrians atﬂa$llg§ﬁlwomrd theicentdrke
defl ecti ons. i i Cori |IS

ot 1 ecti ons. O IBELPARCPKERRS RBARTHANIARILE 1P Fesh Drbas Blsaly ttuces
vi_ bration ofthsesedorhndabandmgbaodé\ﬁequgwca/ wb&@hanmgflrt&ﬁea‘ectyo@ufé dpreeidduency
close to the freﬂgg %C?g’ Pget-g%% R|IS def | ect %s to i ncrease
the anplitud¥@?’ ¢ Qerg ﬂgolﬁé PRe 84535 ‘Fé stiffgess iadhe

Corioligslikearfigf %&ﬁbh%%@éa@ﬁé@bé}abéﬂ@eﬁérﬁﬁé sﬁ@t"dr@gs qgl@@éé&ig%nh r raise
proportional to the magnitude of perlodlc Coriolis forces sard vibrating

f1 ow t ube wi ¥hg diige &eqaeney while harisgdiéieefieeipn He secand bgnding fraiqdendyow t ube
with respect to sgida¥plorhiMolticSr of the balance bar can reduce its second bending

mode frequency so thatitis 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  tubethrough 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 thatis similar to that of a flow tube being deflected by Coriolis

5



bal ance bar; generating signals representing said velocity of said flow

tube and said velocity of said balance bar; and deriving igb(%gﬁbé 02

regarding said flowing material in response to said 20 generation of said

signals. Another aspect is that said step of inducing said Coriolis like

defl ecti oens é’ﬂr‘}cl u?gs the step of inducing said induced node vibrations

having a rest9hSet TA? EqWdHBY andbslancaivas af thedrreventlimemie R ®Yus fé@rmfkleaas@@éat
[ 25 1 nc

i s that sai dtu%fee@o%lisiﬁlﬂﬁ%i | d. Coriolis Pike deflections udes
the step of inducing sai ie%u@@dg%%mfﬁﬁﬁtf C¥h! REASAYMES reSanistvibratory
frequency grrespense twt isaibflhage witheasisad Yo ) pectris that said
step of | nduc,i_@% s§i d %ripl is |ike def Iﬁect?ons F%?Ir]ou\'gg@%t h-geé'? tigghat the

i nduci ng said"9RHRR HtEHe fehressnd frvanton egndavesbadow sehemviefoha dual tube
subst antg al Injegual to said drive frequency. 30 Anot her aspect is tlF'1at sai d
step of inducing vibrations in said balance bar includes the step of

ext endi ng forces ThriPbase vbthef balanch ber daxding KRdiIRY h,%@@kabqgﬁérgvr‘}@g:‘r %r‘s opngc%% d

flow tube t L brace.bar to said balance bar to indu

Coriolis Ii E’é‘%ﬁ??%@ ﬂb%méc’r'ﬂ“%g@féﬁcﬁian&ﬁ&e tow tules deyseridisaguhehe 2688 A¥MS BET
aspect is t it resirknsfe ' ' ' | gnce bar includes the steps
of? f1 exi ng en(rjs of sai nge ﬁ%ﬁ’ﬁ%ﬁ'%ﬁ%&#@”?&%&m Bee fiihe f'Gdrheasidingp
def | ect i ons Mas4 (dskeirequencye Mihesk cant baneinganodeReriend Eapelldikelitkad
second 4gnd % sl &rgfé%lt?ra@ai %r gsgogse to said flexi ng of ~sal 1j Pa'é’nd
to i nduce sal HdCor’rijol S E GPPdEEE Berding rsade (@l&\i'eirkfm(;iefalcy. Aniehscond g
aspect is thandisgirods ¢ o ' | 1,9k | ke, defl ections in sai v
vi brating bgl adncg bar, i nglg ugeg%?ﬁgng.@%gqr(’)é]:ahlbgygglu%@cysH]%b%%'ﬁ‘?%b@rssaqolﬂé .
def | ect i ons”PH 'Qﬂirﬂo%%lvﬁ?ﬁétesbarphaﬁem&eﬁherﬂorbﬁisdhﬁ@ce@vimgnrb‘?mé;%o tube.

resonant freg i equal .t o sgid drive frequency,
operating saﬁigqgg?%ﬁ%%gb’grgggggéﬁéaéﬁis@ faré PYVmeter sepsitivitiudf thg batdnde bar's

Coriolis |isecanstberudingmsoderfreqishdyak aatsy d_bendj ng, node
resonapé frequ of said b Igﬁcedyggr at _ghl?lé g?r\tlp? ﬁ%’ﬁg@%&r 851389"? ﬁﬁﬁ“%ﬁ’rﬁé’,
vi br at | onal gn@?’ﬁﬁ%é’%ﬁ%&ﬂa keiding modeevibeates ot abfphase dvif P ﬂdW?u@éh's
sai d peri odCeriély indLie | ~., Anot her aspect 1s the
step of trans?er li ng ﬁg@gfbmt{ﬁegﬁia%rg%ﬁeggﬁ P ég?%s@ﬁlaé‘ﬁg@“ﬂaﬂef semaithlyd
bal ance bar to sépﬁ’"lﬁtéﬁéefb%mwiyéamuwdlvdmtrﬁ s0Adbehgng

. Skie e is
resonant fragie : J bar.. Anot her_ aspect is trﬁe st e‘ﬂféFV
| owering the regﬁﬁafﬁtgt ??ﬁg‘ﬂgﬂj{:@&%&%ﬁi%quﬁ@&&eJ hgi Isagen dorsthisf is taatthbaicwic e

bar by T owdubelg Gariplieniterationandhé balple1Rird 22 : nother aspect
is thest e%h%fsel oyering the frequency of said | Eﬁﬁ?gagﬁ‘%ﬁ% @H’?&'O” arein
. e velocity sensors serise relative velocity between the flow tube and

balance bar which means that in phase motions tend to negate each other. This

,\ _ however, can be a useful embodiment in certain applications. If the balance bar

second bending mode frequency is sufficiently close to the first bending mede drive

frequency, 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 ata
much higher frequency than the Coriolis mode of the flowtube. Therefore, the second

6



of said bal ance bar by the provision of at |east one flexible portion of
sai d bal ance bar together with the provision of increased a#oolzeast
one other portion of said balance bar. Another aspect is t g?rgger
providing a void in at |east one portion of said 25 bal ance bar. Anot her

aspect i s BQﬁdlﬁbQﬁo@é id AYEEkdIBdliRaheas0aeds bar. eTHRN@SURS irs thdl Oonidls Rifces
vi brations of said bal ance bar by the provision of flexible portions of

sai d bal anbeingaunkalanegchendreausing i flowmaetes tenshake. oMeter shadnasae shift in

hodes of supareSTY RO csB8R Bienahe SPARER o lng el Ab A ety BB
bar. Anot hgswasteesid msusindstiirrpsoSined mteancumgwg:sﬁfmessé@ncbt@n@rrawkﬁbwn of
stiff sections of said balance bar and fl exible sections of said bal ance

bar nob colie Fensitivity shiftcensete sredigted @ qSERRAAC2002 Anot her aspect s

said Coriolis || d@adetlenth ool inabglahes BaRe sbaindiigidith BoaPREM bY -

the periodic Corio oné sal d ow t aspect 1s

drive nodethenDovidiBanode bt fn%tflobalmden@Vhelddweamtmwdrwdmg;modenmbeﬂoadhe drive
vi brations of said bal ance bar rlse econd.,b i ng pode of 5 said

bal ance bafrequ@mﬁ»hme Hawdige F% alggee g]ar i \@Pl%o Plfgaﬁee‘é’%ﬁﬁﬁh ethetRrchey
of said se %‘fiﬂg %egeriﬁeq;aliﬁér %?%d%dﬂi’gp%%e%ﬁﬂ‘é‘aﬁbmﬂé’gh%(ln%

center por ance a flexi ortion on eac
sai d g¢ont eéffactrdaﬂ tie Qloriptis dofoal emdies low twyst e amphtuﬁleeofph{'mvbdame bar's

ne Stop oPSREULTONG WaIRHh KESPasRS 71 CIGRUY " BB and RN IG RIS of

sai d balan Em%adegt?é‘eto'?%a%\%\é'féi%ﬂ’cﬁwftu@é(bbéﬁalpﬂéwlréfé"s of said bal ance bar
at Iocatlons of Hi gh bending nonent of said balance bar and increased nass

at | gcat i ons of Imsynhmanthe Coriglis Hapymatadef tha psesentdreswaniesiddess bajdece
o ! . ) . .
b re 1o0arvhSe RYTeahpdatisTos Bl niG hadld bR BenaRg I AL BHCY

tube. 14not heh iGRRRTthas aRdGavar ¢ its firi;tdmr&iueg niade (driva) fr‘eqmemgbeﬂad@ptrﬂmls t )

receive a material flow a bal ance 15)51 Ci &r} %l subst an |aII\é.%§rallel

sai'd flow thebalange Hapiasesnead tRehRLeRlIsc tﬁq 'Rgs ﬂEl‘a SwdHee aor’O‘i“éF'%l d

flow tube; ca?lgﬁ'? ﬁ?é %&lofnkgwg%wn JVHLM% &Qﬁpbh%é‘%th?@%@@r%ﬁs ABRREoAO
tfube an al

vi brating sai ance bar out of phase with respect to each
ot her at aofithewiude. ermsuvgﬁoiphaeqmelabynslmpmwmhq@eq@mdafbctum;ofthe

t f f | :
Char nat or | DeH S Bnding BeolBtifa8tertions ot the PHlabEE BaE o Sp R ateg et
def | eghi OHPhE% BHiff ML&%&dhmea@m@ s/ertsroatanmg irf tuw, alsleasﬂnawy fgfl B comipdrable
mat eri al ow, said periodic Corjolis defletlons $gg characterized b¥

regi ons of taithet @E@ﬁb‘ﬁl tubefeprioligSlongnetern gt srrﬁer%létﬁ tensh Larebing Presen
| nduci ng Gt jaakibg BdléﬁcéjseLHee%hef‘é tbike32h gl Al 2968e R4t wd}nﬁa&’d&@ﬁé% S

fife deflections havin e same nunber of nodes as said per Corio
\ forces.

An aspect of the invention a méthod of operating a Coriolis 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 in adrive 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;



30 deflections; said Coriolis |ike deflections define an induced node of

vi bration of said balance bar having a resonant frequency gﬁfi%ben%(ﬁés
close to said frequency of said 10 9 Decenber 2002 peri CEeEBPY
deflections to increase the anplitude of said Coriolis like deflections in
sai d bal ance bar; ?5?3}9&%& o(I:i E\@l! i kemdef | ections of said balance bar having
an. anpl i t ude propo lenelisndaftectiode bokhgrtiairasthc plls fo on
sai d vi brati ngs {lefwst éhw%ﬂﬁ’?tgﬁ” al flow,g means ?%&%%F{Q@P%@{‘&% ction

velocity of said flow tube W 824N 6 said velocity of said bal ance

bar; neans for gensraactegized gnmlas sk RIHSERIM ' riodic Coriolis
defl ecti ons of sai.d . fl.ow {ube and said gg’ralfgﬁﬁgﬁﬁ:@gegé?? gePsas of said

bal ance bar: and 10°HERELGrGNS ke feflegfiomatiesaidlbaid e bAHRSHRE 4Rk ¢ '
response 8 0 SakfoRNRY &4l : Lhd .sianal s, further aspect is r[r%ﬁ‘r‘?é"cf'&?
| owering the reg%nanégﬁlggjbéﬁj%?agpg%%r% ‘?afr?é&@d”ﬁ% of vibration of said
bal ance bar to a \R8id€caiofis likd defleetibhah i ' frequency. 15 ~ A
further aspegt j(ﬁ. 'E#t ai d neans f,or |%ﬁggﬁﬁgs%ggén%¥rﬁgggo 88 aswsisl patiodic
regions of higH VP QFF@%: anplitude in said Cortolis |ike deflections and
conprises flexibl eappClg i id.hal ance bar .at | ocations of - high

bendi ng nomept . of gai (jddé%p?cl)l&éséﬂe%ggaéf(?e@@?i%fhé’? Yesdumorer ofagibeationi sf khRt
said drive ngé@r‘@@rhﬂfiwgaafrésmtadbémdju@ﬂcm@mc@ﬂﬂg%%S\QE}SBE%E{%?G% nuced
node of 1§i br ghk i |.ance bar conprises a Secon [ SH
10 Béh@(ﬂc Or@%g%&ﬁgﬁggﬁgo fr&ﬁfeﬂ

further aspect is tha iﬁfgplﬂudebésaid@mfdliﬁﬁeﬁeﬂécﬂ{oqlg
i on.

center portiiorsadbatmcadsted nmass on each side of said rigid center por
A further aspect |s that said nmeans for lowering further conprises flexible

25 portions of saf@db&CHRbR lisar dafledtinrat bbrmidbLiideh-Si €E,; id rigid
center portigr Omofn'é”&ﬁ%n?ay?ﬁég i? tha(éi E}gi d flexibl eba?)oﬁ%\f"gé %’grﬁm'étgge
bel | ows. A futh.er aspect | ROTPBHOdE BRls tareenpishe wbratag e 1y i 9
of said at |eatariabflewf| ow tube and sai d bal ance bar in said brace bar. K
furtherymaspect is K subs&ant fally strai %ﬂ fl ow tube and a substantially
strai ght 30 bal artiSEe g the Yslpeikef gsigeiiow itsben witharespediachaiy R iG B W8
portion and baldrdestiye bar having a curved portion.” 11 sal
generating signals representing said velocity of

said flow tube and said i
of said balance bar; and | velocity

- deriving information regarding said flowing maferial in response to sajd
20 generation of said signals.
- Another aspect is that said step of inducing said Coriolis

includes the step of inducing said induced mode vibrations havi
frequency less than said drive frequency.

like deflections

ng a resonant

Another aspect is that said step of inducing said Coriolis 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 tube through said brace bar to said balance bar to induce said Coriolis
like deflections in said balance bar.



9, Decenber 2p02 A further aspect is that the step of inducing said Coriolis
| i ke defl ections in said balance bar includes the step of | | jolis
| i ke deflections in said balance bar with said Coriolis |i?gﬂ%§#ﬂgrgﬁf

defining an induced node of vibration of said bal ance bar having a resonant

frequency Cower tAaothehaspeerigahaysait stépcdf wbratingl said tbalincesbdr iMtitias afle
said Coriolis like deflections being out of phase with said Coriolis
def |l ecti ons if\ep§é>ifd fl ow tube and having an anplitude proport ional to the

magni t ude of peri Qﬂﬁé‘a gg,dffgmﬁe%‘re%?) sy 'tc’?&é‘x%j | Biticc gﬁ@?ﬂ@gc%%ﬂegppgs

material flow A urt er ~aspect at’  sal means
deflection ito fiex alfidd eha!kﬁra:brabarbacamnswsd means for inducing Coriolis
i ke def | ections jn,said bal ance aid Coriolis Ili Ezl@def | ecti ons

defi ni n® an i nduckXiNDaSEPNGEHAA |56WV¥|H13°§ REINTESRARES ufal P‘W@Qisla&fifﬁint
frequency | tiﬂ@ﬁcé%ﬁn&b@ﬂ&@% qiistlofdin idinblaptetuse | s vibrated: 15

said Cori oI| efl ections 1 n sal al ance bar being out of phase vmth
said Coriolis dewaheoaspeﬁt|$madsa‘lﬁewnqihm'immg gead Cogiobslikengdfiectides in said

proportional .fo.th ud.e riodic rlolls forces on said vibrating
f1 ow t ube wi\fﬁr%‘iﬁ%% %’ ‘Bgégﬁ]ﬁ f}FPBH the Drawi ngs The above and

ot her advantages xﬁBuénHQ sfaﬁii@@ﬁéﬁ% IKe dé?l%clldhéeiﬁts'amqbﬂﬁﬁcc?ﬁap&té%c bending
understood froma reading of the foll ow n?ﬁdetal ed description thereo

t aki ng 10 conpdadaving aresonant fraguenaysubisiantially Rgu# tguraid drivesfraquenayornd

orating f1 ow tubEotpingeaRLEabiRT BERS Beshahich B biier bt Bilongs s Grahs
di;scl oses t hixe(dutleatibné i sfid bappickedrtoatsbeordd mdm@m@de felsgHaR fraquEnByiof S
di scl oses the Corj ollij@response of the fl e 3. Figure 6

di scl oses a SRidBAGAFe Oghat %?ma"ﬁugeﬂf%%ﬁéﬁ‘éf‘ thq:Y‘BW‘@Ea ’HPMU@@ af Sssﬁliqj gosoline

Coriolis vi fga@t‘@ t [ owret er of
t he present b#%bégﬂ?ﬁ%ﬁ?@% gurbé%'sétgaédriéeﬁo&%pgtllsgiggﬁer(g%ﬁef%({lﬁpégponse

curves 18 the’ fl odmather aspedttie the steprof tianstemingtne éﬁfgﬁwesphﬂxgwhdaﬁﬂoaa'ace
riolis flowreter o

venti on. AT rgn salfhdlancs BabtereaiBeact b eI BB aR 2 sedindbRAB0mace
-bendi ng nonqgggngﬁt fpé@é‘dc@,sdf Slamﬁlglélagcérggﬁ of the bal ance bar of the present.
i nvention. Figures 14 discCloses the node shape and bendi ng nonents of the
second Another aspect is the step of lowering the resonant frequency of said induced
vnbratxons of said balance bar by lowering the effective spring of said balance bar.

20 Ancther aspect is the step of lowering the frequency of said induced vibrations
of said balance bar by the provision of at least one flexible portion of said balance bar
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

*

a stiff section.



bendi ng node of the bal ance bar of the present invention. 5 Figure 15

di sel oses an enbodi nent of the present invention. Fi guresC%& and, 17 0

di scl ose the vibrational response characteristics of the |e8?ringe[f$%mter
of Figure 15. Figure 18 discloses an alternative enbodinent of the Coriolis
fl owreter- of the present invention. 10 Figures 19, 20 and 21 disclose the

vi brational char acf\epthariaspectfis satoDotglisUik b riolis
fl'owneter. Fi E%Wﬁﬁ’t %g ﬁ?ﬁ % di.scl gse, \%i%ﬂgﬂl%ﬁ%l& gﬁ@r%?%?? bf’“l' ¢ @t of
one possible ?Z*r ai g béBafiese: niobs fietRGtiensof said tiewpaesent i nvention.

Fi gure 25 di scl osegnathephésiciald jpastefel t aof a Coriolis straight tube
15 .~ flowreter, of the preﬁn?éiaxc\ﬁ/%ntl oﬁ&@@ﬁpéeszéﬁ?ﬁ@@lndﬁmad@and ohiegein

f 1 owret er enb @i aaskviblations of isaidemdlande BACCARKH fl gw tube and
surroundi 9 bakgnce han. Detailed Descripti oncThghgrgttﬁ%gg%'iggﬁﬁaﬁnﬁt’ﬂgdgpf
t he present inventi.on ob\?é'r comes the problemof 20 |low sensitivity in single

tube flowreters byArndtRepaspecsisiReqt I e bar that anplifies flowreter
sensitivity. htléen’ﬁﬁ{ der to understgndeﬁ%ﬂvaw%?'g&f@e Eﬁﬁ?@aintt?ﬁeguﬁ@@egﬂs%a@seoond

under st and t 9medeof §3id belarnicelbas by trecerooizidres 4 . the..

di stortion t & HOSWeRDId Bokid %ng t ub ,Lﬁ’ ncl,I how tﬁgm ?E?@Ppi%%eﬁd&?@%‘a
in phase shi ];tt akong' ﬁﬁg éfPoyv. ﬁu . a%sﬁeg r 8214 qentempertiodesicsdibaskand by, a
F aure 5 shove a tyuhe 202 thr oyon nere sty beh LA oBhter patiores
count er cl-ockwi se Qﬁ(?ﬁ’leriatsge%tdﬁlthﬁﬁltﬁpVﬁ@\h@dn'g(slaicsrés@lh@ﬂt ﬂ@ﬁuéﬁ'ﬂyoflsﬁ cog)fq
t ube 202 canbked@amt ion for. Coriolis acceleration AcC d
Newt on' s | aw, 30 n??%??@c%%’?@?%@?@ry tﬁﬁfr%‘és'BQQf 88xibie pertions of said Balarfek)

~t V ~ w = RAfallaratiansafinigh bénding maeremtstsa?PBiah s g vel ocié
Coriolis For . xpressed as:, Fc= M A =~ = Sel\t}{é(rtée ANGregss Kna§s at
fluid mass p :aﬁ%ﬁwgﬁﬁ{%@@? tydeyin said seqond béhding nodalbe flow area
Q = tube | engt h FARGPA €€ s gai = X .V Q but: M= nass
flowra 5 pAg~v = MF I;gs;(M x]swgé.ler’goﬁﬁ“eus '&%&fﬁcgog%w@é N saigrafianos kedrang
the | enﬁ; h of? RNRse Wipthsqesiodic Cadtlispdafiectng obeaiddR fudeOt ating at the

same rate and they is.ihe same throughout the 15 flow tube.
Figure 3 shows a s@giéb%t& ?jf E)sf/ivé'g: l%@"%g%wm%%f having adflaw tyhievatiapted s recsie

end 301 and B0Ri@ial fiow, fibatahdenbar Gridted 5@ i nd .302. Fl ow tube
300 i's vibr agrgge%édri ver D in the first b%ﬁ%ﬁ%%ﬂﬂng%éﬂél‘%iStaég?‘egfdﬁ%tanda
I'Tke™ a

f requency, UNB3TS £9T FRplingnsaid haleres dlarftoowsidt hewugBbe! tsaidfaéoﬁg@ss

fl ow tube pefm\tmetbhﬂmmhcbﬁfpri%ﬁ\r ai ght (zero 20 displacenent) position
downwards, it's left half rotatés clockwise while its right half rotates

count ert] ockwi se 4R dneassalor ofisraties semskoRIub & @rdUBS LSS B Bt 'of phase with
respect to each cher 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 vibratin

flow tub i
25  said material flow: g e having

said periodic Coriolis deflections being characterized b

y regions of deflection
as well as nodes having no deflection; |

means for inducing Coriolis like deflections in said balance bar with said

Coriolis life deflections having the same nu
mber of nodes as said eriodi iolj
30 deflections; pereclo Botel

said Coriolis like deflections define an induced mode of vibration of said
balance bar having a resonant frequency sufficiently close to said frequency of said

10



14 - 9 Decenber 2002 approached. The center does not rotate but nerely
transl ates. The spatial distribution of Coriolis forces on9 e beV\ﬁdd#:e
300 as it passes through zero displacenment 303 is shown on eﬁﬁﬂ'f‘ s e
Coriolis force is in opposite directions on the two hal ves because the tube

rotation di ii an | oI i.0l i S Lce. dim ni shes to zero
it the centy e corglie AORRaRts rictfage e A3k SEi RS JE elipcds
center. Andnisaid hajaocedidrf er ence between vi brating tube 300 of Figure 3 and
the rotating tube.%Oé af .. Figure ﬁ i S tha% vi,(grati ng tube 300 does not
rotate continuou@'y, BUP“%tI%SSdﬁ ectianse PE 2iq halapfe barahaving anbampiitude
direction rg¥gbarhal i [ & rid @ e jolis force on the
entire rov{:/ﬁ_Lt Ebe i$a zefrho% R{'@gﬁt?g‘il?flpglné&fﬁ(g%ﬁlﬁggrrr%%n?rfgéfedo\g%ratnﬁgf (U5 s
forces of Miumaterialdlow;si nusoidally with time with the maxi mum occurring
as the flow tube yj i oes, through zero litude and maxi mum vel ocity
as shown on Fi gﬁPéi"ié ?cgzecfege QWIei‘ée(?"?ch s@lf’cﬁ?n@ taiRe iR respeqtdo srigwelamily as
the flow t WieaidkBglafseibday; maxi mum vi bration anplitude and zero velocity in

the 15 first bending (drive) node. The frequency of the sinusoidal
appl i cation of tRRAEHIAr@ensratingcegnals répesenting said pesioticcCarinlie dafiettions of

f v, the flow.tube's first
bendi g {ae RIS olube ahl <2 b l0R AReARMS o st Balante baiench  esponse
to thelQperi odi ¢ nieanfdraidrivingematerh v inforfiaBe & Pespbhse 5954 dein@ﬁatﬁh%‘f’s

e

t he shape ggr a;tlg exaggerated) the tube takes in 20 response to t
Coriolis f sig llshe t ube passes downward through zero di splacenent in the

drive node. The Apsiee dsi i oWsH it_.noves
upwar d t hr ough ;(ejro di saSFggtelgrent |Strfaﬂ1e ﬂ%@g%%’%ﬁg@@%@ﬂgﬂ%&o&ﬂ%ed
poi nt on t imode efvvibratonheft said balafex bapds s nglushapp@ixirageothat of Waky bRss ant
is the md_ pai ghﬁ@f the tube. The shape of Figure 5is simlar to the
second ben |H& e shape. 25 However, this is just a coincidence. The
frequegcy of thea sggmrdadmginthdrodsd ! - | ' n
the frequency at which the Cor ighol IS fﬁ%iﬁfggré?gﬁglgg%@r%%ﬁ@ﬂ?ﬁ%ggr.?'?
frequency &@GiPRe of high vibesatinnay ampdityde i saje Gdriolis| livw daileetiorss bed sgmpriees ed

by Cori ol i . , . it econd .bendi ng resonant frequency,

thi s Cori of PXBIEEEnEs 5t balikihds Bal Bl M=y R At Heh&EmiaTg sl
Fi gure 4 oCouiblis likgdafectioridh 30 each other. Fl ow tube 300 therefore assunes
t he shape of Fi %ug'e 5 as it crosses zero displacenent axis 303 inits
driven vibrati off HEE@spERtISHERt sdidrivernede spmnrises auliet bemdise snadeeand
Cori obps i (peesH 4idriRdd j : LRI [hrat f_FEiLogure 3.
This is shgﬁn on F-i‘a)u‘?(tjeucgil:‘.qj %{ootc{? gfgiﬁéﬁﬂgf g%'gﬂ{r)él\éﬁ B?\#eal?fclao?ﬁs&%gn%hsﬁgorﬁcgde
15 9 Deck@Bdingauodedri ve frequency; but they are phase shifted from each

ot her by ninety T jolis | ced displ acement maxi num (solid
i nes) goours. whearbgEasnd s fRl it pear RSB n Bl B BB reriora g
axi s 303. gfhmoﬁoariobahsdﬁeﬁphasem@hchwesséerr@idva@metrEsnfoinrSt bendi ng
node is at maxi (glirespl acenent a&das,hed lines). Figure 6 is analogous to
Figure 4 in thagu{'z‘]t” & AP8EhIS hatesald gpeans farhlewarew tuntber icampaiseaflexible
Cori obgs dghheebid?RaiRhs I i td; : S zero
i 5 303, e ok O e Sl o SR R i R
Coriolis induced faBhEeasPeRids thad said Hexiblei partioacphiprisde belswal r eady :

expl ai ned for Fj 4 Lorigli r [ m,ni sh and ul.timately becone
ero uhen the drrie! PR s TR (3o SE Tl FPaths shebe RLiaat GRener
an upwar dsone fldovtnbarahdisaid talawe Wdr ih biakd biage,bdrhe vel ocity of the flow
tube is zero anﬂ‘fs& are thg. aeggl i ed %(i{l ol i,%gf orces and resultant Coriolis
defl ection. Thu® URRGT A5RAL i Fsbtaniallyistraight flovsebsrpgra substanyiatestraight i es
si nusgpdal hatahbe dapl i tude at the drive frequency as flow tube 300 is

vi br at ed )
A further aspect is a flow tube having a curved portion and a balance bar

having a curved portion.
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sinusoidally inits first bending node between its maxi num positive and
negative 15 deflection.by the drive signal. The anplitude Q?e%:g\%bg'ofdoal IS
di spl acenent shown on Figures 5 and 6 is greatly exaggerate or clarity.
The anmplitude is in reality nuch less than the anplitude of the first
bendi ng node of flow tube 300 because the first bending node is driven at

t he resonant freqtféﬁtfy’\@ifastmetiBItMthubEpadff%dlft%gF@éiB@oiriﬁlis{e%eﬁﬁi.f%@ﬂm- Thus,

the Coriolis i hown jn all the figures are gr ons in said
exagger at ed. %ée&% as'lemgg{dzs???%%ﬁ?@i tRdUGHg Fonalislikeadefebiong iR said Qélaﬁ(;é bar
neters is thavitresaid Codlolit Nite S&MENBAS ki the first hending (drive) nod
and the Cori glaisi_'lag&fgl ection %1; %’??HH'@\H\P%H&&W@HW ¥ibratian af smidde | seen
that right v ' St RR¥maBRirequssesionar thah Hel fashigh e left ,

vel ocitysseng@afly- |t can be said that the |eft sensg%ag%%tsf'ggo‘%ﬁ?%ts
vol tage | ag the phase of the right sensor and its output voltage.

Conversely, it casai Goribks hiai d ifd r.oR l.eads the phase of
the left sensp%?igl.f[%\'/rg@?;phase dﬁﬁﬁpgﬁ(@%tn{%@@tﬁ?@%%% Sa}'g%f?ﬁ@b%ldﬁﬁ@mbjnsto
t

the anplitud® 8N¢ Savipgareamgiitsideare penionattoche h%r%;igpdé%‘? g%{i??if:ng

propor ti onal Cofioli$freBs Hnf ] e.present invention i Ves
t he frequency order of tﬁeéa\?%vy'?)ggf}?gr@&t% ‘é’ﬁ%ﬁ?—f’ée%' fiowe bal ance bar. The

vi bration nodes afdudibier respeatisothat Raid tdangi for mﬁﬁ gg%%s"t Egh@r(ﬁf requency

order. fThe fi ing mode will hereafter be refe R0 18h%AIA
in Fi gu1ré(; 3.5#%0%@%889'1%5?8?:@ node will be of the shape shown in Figure

5. A useful rule MSahBaﬁortiH&ng ek, al to the nunber of nodes 16
9 Decenber 2002 pinus one. The iet;s m)l":ee ﬁgﬁg‘#msﬁﬁd’?@é‘j Patanchebameith .saldhe

second has t4PRRlis(lite dntedtions dafining antinduesst f1ode o-lfhﬁorF?d}sﬂ ﬁf g&ﬁﬂ%agggc@ggé |

has four noqfaﬁ?- o ventional single tube Corio

bal ance bar on nytfiéi fgﬁgﬂgﬁf’?fﬁsymcx ﬁ’r"%ﬁr tﬁgﬁdhﬁdreﬁmcw&ﬂ Whietk saidnfiow @SRORS e
to.Coriolisvbrates on the flow tube. 5 Figure 6 shows a single tube

Cor'i ol i1§ fl owret er ngio having a flow tube 601 and a bal ance bar 602
connect'®d by br ad@h&Prigns i, delbertions intsaidbalanoé baAb&Rg @ LPBf '25’35 w-{'ﬂs id
solid |ineSOUrio'ﬁ§Qi€ﬂ%cﬁoﬁ9%‘f"% Bisﬂ%‘\(ﬁtkﬁﬁe 6% and bal ance™ bar 68 a5 't 9'
cross zero di s%(c:’em?nt axi’s >3 & 419 BeVIBg s aigpituee \ieppomidaaMict the
materi al f| Bi@gNigdenfingricsiai@btiels foptss GRBERI Vil bar, 602 aon Figure
6. The dashed lines show 10 the_flow tube andealflgﬁif:lg\ng?e Mthptegakigyy-d
extent of their vibration in thegf 10 inug) node. Figure 1 is a
vect or "di agr am diThela®ovBaGndhehy j | ci.ties generated by the
convenééonal i ngl e strai g;ht t'uﬂbéeﬁ%g’lrtél)ﬁslcg\{ﬁ F@Pf'g§”?"@ﬁﬁ@8m&yém better

Fi gur e<®6. |Wé‘§?'§ femfa rasslig mfvthalfellcaﬁ/ingf&téi!@ﬁ&!eé’c‘?ﬁg%httP{?r%§?E rinéRni S
vector 103 @dHiGhctRSwWi I l.Ag.phase, [err] tube, represente

angl e bet vveenJveh(::_torwﬁﬁéﬁ%rﬁigﬁ@hggfrgm%'%ki s 102. The vibrational velocity of
t he bal ance bar Tigurail islaivecest diagrahadea pierap’d Ance the bal ance bar
is not affected ﬁﬁu}%g eperated Coriol i s?rfor ceéﬁgcl)%gﬁ?zd:?ﬁ'og'\ﬁ/f UrRetefihe ,‘
bal ance bar vectoF ( ()c?sq SeFRiratingflgwitiber eal axis 102 and is entitled V'
Bal bar The vectligusigdicléds® 4 VptatintPiodtghyal ance bar velocities is 105.
Vect or 5105 20 h a phase angle [err]” net representing the conbi ned vector
vel ocidd es and Sﬁﬁ‘ér@s"'éjﬂsoﬂqﬁésfth@\ﬁqrmﬁs farcestzppias e BrfiowNehe Jf L{rg% net
phase angl e out m§utde 4fd . SR is |ess than the phase a € Tor the
tube al one. The r,éeduct idggﬁ%sgﬁgzg&gﬁal"?‘(% dehe floyviuts pf Figurki®, to t he

| ack of phase siiigured disctosealaasteaighptuberCoRINaRIE, S Ngl e tube meters.
25 One enbodi memt e sent inventjon) as shown in Figure 7, provides
a bal ance bar V\/rrq:tlo%tg gmagﬁ@ﬁsﬁéh?&ﬂ’ém%w@ﬁ@mﬂﬁ¢l'a1|maﬁaﬂ3¢idss3falsi;,gﬂ@ tobe

bel ow the Doristis Hewsiheter apge stekust fuBAEGNCY. The Coriolis induce

defleééi on of flow tube 601 excites the second bending node in the bal ance

bar 692 by way 6{94RSEamhiQ diwhsenitedencyTiee it bar
602 vi bra?bmﬁhmd@ﬁgﬁpond bendi ng node Viepangs ¢ woﬂhet”%’”?&%?gﬁ%e

Figures 11 and 12 are vector diagrams of the single tube Coriolis floneter of
the present invention.
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30 is proportional to the Coriolis deflection anplitude of flow tube 601
and thus is proportional to the material flowrate. The vi j i tude
of bal ance bar 602 in its second bending node on Figure 7 E)%%erﬁgelgimlz
function of the separation between the first bendi ng node (drive) frequency

and t he-bal ance i .
e B f o iR S e et pREEER melbihe rthgncing
frequency omddeobtieapsientmabar sf the grosedtiingdntivandi ng node (drive)
frequency, the greater wil]| be the vibratjonal anplitude of the balance bar

inits second befd@Wgsnsudiscipses the medealarsand memRtaiof thimsesqid e
9 which is t i L I } ; bal ance bar 5 in its
second bend?ﬁgam%\%’mgtﬂ%F%E%@Fbﬁé@%g{gr)gie{sgﬁﬁgtg%\gtynﬁt he first bending

nmode (d6&i ve) fr edfigurey! Sadidciobes haleanipedibmnt 60thegwesent ibeemtiong node r esonant

frequency. The x axis 902 indjcates the ratiq. between the first bendi

node (drive) fre(ﬁ%‘ﬁ@ﬁ g%&”aht’cgé?@ ﬁ%&'ﬁé'%ﬁée?%%ﬁa?ﬁa@?@aa%%&{]g?e
the bal ance Rafoiis FRWeBXbPFRRHe HEPr esents the anplification factor of the
Coriolis response of balance bar 602. As 10 can be seen, the Coriolis
response i nduced FigunealGdiedopas asehteinative embeditnentrafdine forinks flewinete of theen
the drive fre ueq&;(vé'hqgnt he second bendi ng nbde resonant frequency of the
bal ance bar P[€%! , Qcoriolis response 904 of the bal ance bar decreases

t owar dgpzer o fromiguresn@xe0wmdad! tiselosatthe vitiratidreal chardoterities of asofeptual
Figure 9 becone greater than 1.0. The Coriolis response of the bal ance bar

al so 15 , deHrighsPe CeRelis Howmetefum as the ratio of these two frequencies

beconmes | ess tham; j : . u i :
relatively cl ose?l@ﬂgsv%?%q %gﬁa?xl;ﬁ‘n\%ﬁlé{%gg at(g]t}'%gté a?llﬁg'etﬁc a&nl&ﬁ ?92&8'9
second bendstrgigm tisbe Goribks flowmetergifehe phesertt ireve@tionol i s i nduced anpl i t ude
of flow tube 601._,As subs ently descri bed he, preferred enbodi nent of
the present i nveﬁfgtﬁ'ﬁ_ g%éf‘%ﬁ%%est ﬁ% %?F?%Q'W%%W%S@fg?@r O_{Jﬁ PERisasiaighistule i n
whi ch yhe Sﬂ&ﬂ%&gﬁ?ﬂ{r%r)@ 6t ikesst frequency is slightly |ower than the

first bendi ng node ] requency. Under such conditions the frequency
ratio is-sli.ghtl yiguref6tetisclnaes afwriolis flowmaterameatidag thenpresehtinvertioa and

the Cori ol | baYRaAEEATICT L ER A B Bb Flod prRlReedtnce 004 on Figure ® is
slightly to the left of abscissa 9D3t4itqd Peebtiptigna ratio 25 of 1.0. The

phase of the bal ance bar second bendi ng‘l node vibration with respect to the
phase of the Coril6rimederancarrraiusialdng Pragenlip¥e AN RICRMes e problem of

rel ati gprshi o [ i '

bendi nBomod (e 12y BAF SROIPERCHBUTRER AR o 8P4 ERRYcp Bat PRt mplles,

not the driflewmaler shasitiefi irordae e endacktand hemdthig is donbet saheaeseatyato,

but rather th riolis deflection of .the.flow tube.which occurs at. the.

ar et requiRdsread thd fEbi et B8 CoudBhirreen HE HihLtbee Hiee fhinh Bty
i's higher tppasdudes ihiths tlowanse,thdmele tel tisvslion Fesuite e phasathiat diGRShb Maw
1.0), then the bal ance bar second node vibrates in phase with the flow tube
Coriolis 18tub& pecenber 2002 vi bration as shown on Figure 8. If the

bal ancggbar secopsPRdeisisRARBRSIbdPaRelLINEAE: dabien of %&ﬁﬁfa\ﬁoﬁarg/fe&dg}%esse

greater than 1.0),” then the bal ance bar second node vibrates out
with the fl ofithatewmeatendfifgguiess.ati on as shown on Figure 7. Wen the

bal b i i i f b
D e oo RS RS0 A AR e e 485 Bt
sensor SL bebbnieagotkwistlapout ithendr2dpohe OMnibliefdrh@pﬁﬁmﬂﬂbngtﬂd:fﬁ;@:ielonfcan

right velocity, sensaor SR both I_ea&gt&ue_f_l ow t ube, m dpoi nt ., e si gnal
output of eBeifesvgedromdne sAYBYOMEY Goriolisiacseleraliniddang Nendon'slay.phase

shift gf the bal egRiibaceBrAHEmivhb {(Bsd¥d 4. art flowreters.
Furtherpmr e; the vi rlataalcon arrpldlsrpuxe e?)?x% hsep%a ance bar 602 second 10
bendi ng node (and thus the velocity sensor phase shift) can be greatly

i ncreased byAdesigrfigy it $9 that its resqpant, Ua‘?%lé?o;&ﬁg' is close to the
drive frequency. This result's in a |large incregse inTloweter sensitivity.
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The vector diagramfor a Coriolis floweter having its bal ance bar second
bendi ng node frequency slightly below the first bendi ng no I

frequency is 15 shown in Figure 11. The x axis 1102 represgg¥%g%¢§??gg%

vel ocity conponent of a vector. The y axis 1101 represents the inaginary
conmponent- of a vector. The bal ance bar velocity vector is 1103. The fl ow
tube velocity vector is 1104 and, as can bg_s@f phase shift [err]

t ube of the Q%8m11$pe vector 1104 is |less than gﬁg&%ﬁgse shift (~ bal bar
of the bal anceOBH® RAIGE 6 MBYRE exressed asi gnal out of velocity sensor S R
20 is the vector sure (phase and anplitude) of bal ance bar vector 1103 and
fl ow tube vecfge _— o] 1 resents the net output signal of the
vel ocity sensg? Sg?ggnd |gghg§;a9ghg§£ di f Met Buidempesr] net with respect to
the x axis. Since the net phase of sensor SR is greater than the phase of
the flow tube) this geonetry is seen to have a greater sensitivity than the
prior art meters of Figure 6 whose vector giagidfshsing® shown in Figure 1.
Fi gure 853hogﬁpg ﬁf@Pgigant where the balance bar second bendi ng node
frequency is”s |3W abovd the first bendh pg tulriodraree frequency. Fl ow
tube 601 and bal ance bar 602 are driven O%L_ﬁ%e hase with each other in the
first bending node, resulting in them being Bﬁag in the Coriolis-second
bendi ng node. This causes 30 the two parts of each velocity sensor, (the
magnet and coil), to cancel each other in phase. In Figure 8 the conponent
of the right =0 Qi R the flow tube has already crossed zero
(I eadi ng phas}g)? m%%qﬁgﬁngon n) of SR on the bal ance bar has not yet
crossed zero (lagging phase). Wen these two velocity vectors are added, 19 .
9 Decenber 2002 . ,. . , ",.,.., . . , , .. as they are for the sensor ’
vol tage outpuyt, the phase lead and lag tend to cancel each other. The same
hol ds true fQL.Lg?t éepzﬁr SL._The result is a reduction in flowreter
sensitivity. pigu A Id%tﬁé?es the vector addition for a bal ance bar
having its setond 5 bendi ng node frequency slightly above the first bending
node drive. frequency. The velocity vector 1204 of the right sensor .
conponent on the flow tube- is offset fromthe x axis 1202 by the angle ~
tube The velgity vector 1203 of -the right sensor conponent on the bal ance
bar is shown in the fourth quadrant and is offset fromthe x axis by the
angle [err] bal bar' The vector sum of flow tube vector 1204 and bal ance
bar 10 vector i 203 ®s vector 1205 and it ijs offset fromthe x axis 1202 by
the angle [e yhet can be seen, the ne gﬁﬁg tor 1205 is now in
t he negativébg%grthﬁéﬁadrant. The bal ance 5? nega@%@és hase added to the
fl ow tube positive phase was enough to reduce the phase (and sensitivity)
into the negative region. Wat this really neans is that positive materi al
floww Il result in an indicated-,flowin the negative direction. 15 This
can be dealt Fvith b changing the sign on the indicated flow rate, but
there is . amot&el pfasogpwhy having the bal ance bar second bending
frequency slightly above the drive frequency is |l ess than preferred. The
configuration of Figure 7 in which the bal ance bar second bendi ng node
frequency is below the drive node frequency is also preferred to inprove

f | owret er g t.hi s..configuratjon the Coriolis force on flow tube
601 can be,zgg%ghgg%ef&é%ﬁés Ea'é%%a’bgﬁ&?%@nsﬁu@f tube BORbecalise bacHipdraggpbar -
| n convent i20(is retatipigeattthd e af@y 10 iapidfthe Wikd e..hal ance har

dynamigal | %(8‘2& ances the inertial forces on ﬁ@{%%vdsﬁﬁﬁesqnﬁe B’H@U@ilqlgtthe
bendi ng (dr, Yofode only. The second bendi ng node of in the balance bar is

at a nmuch hi gherFigurg ey | A~ deformati gn of the flow 25
t ube (which occurésu at the dér %%f@q@w@%d&?ﬁgﬁg%@,P'Y%@bgétm ¢reh80 g

. a i 'x * . - - . .

e L5 eno TrCTLEd P fehin batslaon kpanciaorat age FSANE 3008 BEISL

_ dﬁ;?rg,ﬁﬁﬁyh&z %nit e riolis forces being unbal anced _
Figure 6 and o'vvmet RUQEENG Y MaRbits rasenanLkegienoyplike acd;mjtav\étriﬁ?, While
functi on ofmatetial flboww tdegngd ABUIMY [ can.cause a shift in
fl owmiper genii tivi t}/ be_c,‘i%se of g@h?’?ﬁ?#%@éﬁée%@?@%éﬁ SHaighd (zero
vel ocfty s&fiéer Mt PREIGN SPddanwardsnitedeit hifmorte uiickins Shiifd AESign] S
general |y natf fonaes) WAV ift. _canpot be predicted or
conpensated. In the %Io%rléﬁgﬁ Fgm%ee?p%tﬁh?'ﬁ% ERRHR asnientulemis aenter is

bal ance bar second bendi ng node of the bﬁlance bar is excited by the
Coriolis deflections of the flowtube. 20 9 Decenber 2002 W hen the

bal ance bar second bendi ng node frequency is below the first bendi ng node
drive frequency, the two nodes vibrate out of phase with each other and the



inertial vibration forces of the bal ance bar's second bendi ng node | argely
cancel the shaking effect of the Coriolis force on the flo own
on Figure 7. Because 5 the bal ance bar's excitation sourcegvptg?gi%{)g]szs@?ond
bendi ng node is the Coriolis deflection of the flow tube, the vibration
anpl i tude of g AN I nBa S als) ALK S .
Coriolis forarfgéd?o% the f oév)v%teﬂ er ?ﬁ%?gggg@%@h?@%ﬁ%ﬂ\?%égaq%ﬁazeg'aniggeﬂ?%céalof
dynani ¢ bal adistibotien ol Cofitienvforaeeson TheidldvartubewB@irediitmepassedh atveubieerero

di scussed: that, havin e bhal ance bar 10 secand hendi g node frequency

above the fi '§9'36%fﬂ8ﬂﬁ%‘5%053‘0m%5)9%r? qu@ﬁ%@oé‘ﬂ S tHEeP &1 apPetitepirRAtionEnt

whi ch has t hh bl BRERaRES bSO HREAMNDIARSIE dfr s QRN GYe Bﬁb@é’}’tet. h?né 'Eilotis

bendi ng node (drive) frequency. The third possibility Is having the two -

frequend es fetpeadiminiahes ioszgio st the egntanbiecausentberotatiareakineitube airdinistesss to

bal anced enbz%?égﬁgjt g\ﬁ;ver) it has one mgjor problem The flow tube and
Lo

bal ance bar driven in their first bending node (which is now

equal to the bal axmhéxamamc@ffdré?%db@w@ﬂﬁbiatwwboomwyﬁé ﬁstesﬁﬁ the

frequency of the first bendi ng node changes with the density t OW ng

et er i al Pedateéiégttw_ée AB3 ot higiise 26 aptwilprating dutre 3Q0tdass rac;tantﬁés gmmmucimg/,
coond bendi Ry BT Boseonor ARRIGE o o viedke FFRER Yot BenGidtpre e

second bending ange ‘signi

becausetd t cend andsthedCérialiscfordéhion theashiiceslov aibieuit zom. | Thatresit 1t Wee
frequenci es I"%gri,ve an se&ond,b ndi ng) match for only one material density.
For tight er Magnityde f theneopaiinferees i fHgutnd YW dFnYseidally mitkglimacyith he

bel ow t he f i s i~AGyri i f ' Erd it
s above.t nahFHmaRTIoca RO 5K YN ndeepEh B80S RfoqltE bR a"pid!

f1ow tube amdatmbemedotityas dhewnomFigues duZeos Coliakiefdbeionctisorateentre flow
bend: 10, o hs o PR B iR Rt Bl b S S By Rkl
anpl i f @At i eRstbRNdRY @FeSihydd The mgqgéh_@} ofiABSidusoa 'nsatgmt e CR¥Pblis

second bendi ng node frequency is in e inmmediate vicinity.o drive

frequency (Epigarte . flomitubssis the semel afiha Eequeney @t wihigh dtais tng vibrated; - -

conpensat ed %tﬁﬁq r.QQi | : Vv for high
f1 ownet er stabi 't@,g ﬂtgﬁ)ethéggﬁ ﬁ%&%ﬁﬂi@@ﬂ@%’%ﬁ gﬁ&%%aﬁég%md bendi ng
node frequency f &lovetuheyB00deadstimeesparse thethdi payicdid € atolig dortdss si@uancy

that no anticipated-contai,ned fluid density,can cause the frequencies to 21
9 Decenber fw@e-fﬁgmoﬁ?ﬂgeb%w%g@ aﬁa%%lé%reﬁg}é PRgoeragdig kibedpkes in
enough doo exgéddhsbhe babatesioharfordt 1dsS tReCbd prRdbsg | |ls
The precedi ng Flees?cri ption hag degl t_ wth the _de?i%r eggrg@ﬁﬁgﬁfﬁ%&@p%?
second bendidfaplaasmeentin thediive mpdenhEhp dashed linashowsithe shapg thatubenakemas

Codond bonaltEBYEGbwall Bl SEICHBEIBMINM 18 BB TnbaE ERE Y Blint Ry

f{equency spolan hé fiw daneiney srinfat pacsing iathaaws ot ihantient Suegirodne
rode & ive B MR uis TBS RGBT ORI st RIS 6% sechod Rending moda sBaPE! .
The degisgn @Rjwaivies, thides RBYa EdhsideRicd OTIHE FEADEASEIAnE QEEONY bdMieink W dbaft iy S

that determ ne resonant frequency of a vibrating structure are Ss an

spring rat eflowdebefuaucbhighar thass Birliequenayuatngyich e Karivkeiosce obFigure 4is
mode bel ow FRBI s i haFhedia Rl Sited e RSy B e RSB Pl
to the convegtGaindit fixebant welidrldwits seobhd bansing teschiansire sbyNthisBeAolis
(drive) freguenc d lower,iLts seco bendi node 20 frequency. )

| ner easi ng. HRGSARETBREN ALFIGHFS 67 dre CoBel faree oy Filirh ot n ehasev
frequemey. Eachewrir. Fly L6 B0AMhekl@EREGM SN B8aSE PP LReS L ﬂ%réeégﬁ z8Ry
that is lower than the first bending node drive frequenCy requires that the

mass and st AfSPlRees&sTt aXie 308 ianite dpden pébratian f(fiedd bendinglasmodker Batéray floawe

nore signifi oI =Y : . : ) | RO e ss i n _areas, of

o gﬁﬁgﬁgﬁ%ﬁgﬁg@ﬂﬁl% Wf]eucteg%t?llalﬁgﬁ of BiF0A 8% 1% FBTSH Vb AIGRSs
Figure 3. This is shown on Figure 6. Both vibrations occur at the first bending mode
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25 effect. Likew se changing stiffness, k, in areas of |ow bendi ng nonent

has little effect. Figures 1.3 and 14 show t he node shapes d_ bendi
nonent di agrans of the first and second bendi ng nodes of b%\ﬁ_%ﬁ?rg_s%rg%db%%l.
In order to soften (lower) k in the second bendi ng node without soffening k
in the fi.rstedgen?fi ng node, bal ance 22 9 Decenber 2002 bar 1301 stiffness
can be reducetfiverfradumeyabebiheyhes @hiats shaadis |5, near, zero in the
first bendi ngb% e and h‘iﬂh in thegsecqnd benﬁ?ﬂgg%%hér@sﬂgﬁtqu%&%e% Hrl
ii of Figures 43 "3ldC4%PS HERIRE RNt IIRXIMGOR(Satiddines) becyirBQﬁwe@\“tﬂejfﬁﬁggem

Loweri ng the raédd fshes i Qff: r.1 | ocat i ons 1306 an
has little effect S(r)]ﬁt ﬁrg@sﬁlﬁgg@gﬁgéﬁggaﬁ%gﬁ% %ebé?féqlﬁgilwaeeméntm@mmsm

since the fl @& ybenthke ﬁzsltaemiagyncsderiaiaghmtaxm&#nm@cérﬂé\hagﬁg%%ﬁingg@t i n

t hese | ogat i in,.the first bending mode. Thus, [|owering gutnd
| ocat | ons%amgg§ ghglpé&? t&@@“%‘% et drepiesentsrtse statadifrige todauba i ¥$ar as

frequency. HQueiohks deflsctidrang i | i on 06 and 1308 have a
hi gﬂ ben)(;i ng .moment ef o? t he ;eg%bor?ggﬁécﬁagﬁg g}{ﬁﬁifawﬁ@g?ﬁ’qq)wﬁﬁ%zem axiee303.
stiffness or ALPYS Hapes and asthis himevahlgnibe amrougtfo:bé§ah&@%éioﬂé‘ﬁxdkggégg@%q”%

| oners the s ' de, frequency. The first bending nma &Sy
of bal ance bgg%%ﬂg%%%% bgs ?ﬁ%@%@’l‘ﬁigmﬁﬂéosFigflffmésthei@’bﬁdﬁgsgrces
areas wher e dimihiak amdhiltm gk W j LSt ndi ng node and
wher e t?@ second bendi ng ramméig hggma %enypﬁgtﬁn‘éogr%ﬁnétcnﬁgé’i?ﬁﬁy“iféﬁ’ 800 [gagbesiits
of Figure 14MEKGHEMiMPERetRRUPYArdsotslowiBRird dieciiats NEGhIsQ & fin & !}%8 1 xR
and 14 i ndi cdveubdat Arol 95 tg'oo 1?18% R%al ance bar 1301 hds a |éj ofthe
bendi ng none@rgf@ig | tsﬂ_é;ur;? gendi % P FdF{}SU?'és forcancar Iresuitaen diohiiis
monent in i t@eflestiomd i ntheneihesofdal 1 , al.ance bar_ t hat
o cgMOI%IS as\l?-eghgéh?@@} '3, TigRrer Seyadaey

has an ‘i ncr esgﬁfﬁ%.&t' ffness hn area 1307 w

white |eavin MY Ih ArBRlitdAR gahtre driveqiieqegn@oast flibwoube 3do qgaﬂ;i%l%.?éf?d'

To further |simeliddlg ineed t}f‘el?ﬁi e f.requency with respect to the .

first bendi ggg node - rlequeggi}, t le%o?étg’gggn' %@M@L@mos;m and negathased

in thos® ar &kestinn byshve drivelsignanl Thedenglituddss BOCHLIR BRI SN o0
iand 1

anmplitude i ne; i iLng node. This is |ocations ﬁhg\(v s
1gP 17. Al sofF'édIe}g? esaé'?‘?]gsgsﬁeﬁ@ FréReoe{ptader clakidy.i The gonplitode ifin b@élﬂnggbar

1301 on Fi glassthasid anaplRese bhhef i ‘ ut i cting the
second bendbgggﬂirmde_ ffeﬂngte,ncy. Siﬂﬂg?@g@&zﬁgh‘ﬁ%ygg&ﬁgw%bg@ gcause thadirs,

Sroond Do REITPHRdS d5ver ¢ the rezonsshtteqgemaydef the frdv@fub%tarlooﬁﬁtéé’ﬁ‘%lf's?’m
own

whi te the viydatisaibt ' " d bendi de is | ow,
on Fronre 18 ghoe o b 6 COh ol Beh HtRlRa® RGNt Yorficuues ac grewt30

bal anc€Cbar €¥agagsateche drive frequency but does not affect the second
bendi ng node fr Figure 15.shqw.an enbodi ment of this design.

Bal ance bag@égogﬁgﬁﬁ%ﬁgéﬁ%@?ﬁﬂ%ﬁ “6‘;%' ratesidl fewimpdet ait nistomipoid ican
1508 and 1 esupetdusitior ofehefirdttbeng i er. 2002 region

el ement’ 15Q6, &fi S r'aif,es the dri venfﬁgtgg%%})%ng% ?P(gﬁfegﬁ?'i'?)ls\ﬂ%%ﬁ@lq&0f|tba,ers ‘
the second behdity FPYABIR Y &6ABIRrsaBNthat Noistsvel 56l 8éribol B chossal Sy

added t o t htisglat&mn S f & he reduced stiffness region 1208
and 1509. This'i1 Iomgﬁés?ﬁéés%e}g‘éﬁg&g}e%%?%éSﬁfogtecq‘r} tiAdRatthe tefsenstbasd its

r enoverP f r AHIPHe/Alagerlap the phiase of tHbBEhtaferisbe ahali 3. eaving a
voi d 1507. iﬁag,ltglgo-ﬂ)gc%ti'ﬂp%t heé.é@sul tim%% deri veaﬁg(l:ltg sﬁa@gfogégngaﬂY%’ng’v
shows t he rn%;u ;[dlépg r1 ol §' SR FENERhaRiRRdride phsapef ther leftsenddraureties  of
Fi gure 15. phagedéfer@nsa(ominanaslagyis pras; f Linventian usin

bel | ows 182.@5 Ef‘%cd 1809 gwﬁied,uce ?yh'ggbal ar‘é:@E)%tfl?‘es%%’f%%%%%%ﬁ@”@fﬁdﬂgvmt
of Figure PERECRPENTWPIchdsqip tumapreportivnaitedhd Hass@lomnghtd? in that it has
a center el emnffhb@@séﬂ'iﬁ@érﬁfb‘n%&&vesshiftingthefrequencyorderofthevarious mode

30  shapes of the balance bar. The vibration modes are defined according to their

shapes, not their frequency order. The first bending mode will hereafter be referred
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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elenment 1506 on Figure 15. The Figure 18 enbodi nent further has a reduced
nmass area 1807 conparable to el enment 1507 on Figure 15. It also ha 0 gded
masses 1504 and 1505 conparable to the added masses of Fi c ber%@ i ble
bel l ows 1808 and 1809 on Figure 18 have reduced stiffness conparable to

el enent s 150?:1i@u@oﬂép%\@mréﬁn&i@Hé?tv&oSno e etHe R, t?ﬁé%do%%t%f tfnté%

enbodi nent o I gure serve to ral se drlve equenc Iomer
frequency of ehte asddorile lsentirhgT e thérd tmendmg sete anfrmenr nages,ett.he case f or

th nbodi t of F 15. . Th t bed Fi
15515 can at best IhEERYSHIRAL SBG R BE Rty TRUEh i Bom b5 e0re bal ank dtsates
1503 down t 04 fie ffrbfﬁén&ﬁg%&ge aﬁe'?ac«@gnwesé’&sfer@ww fortBs 3ntRL1IBG § lube.

illustrated [)y assum ng that the centr section of the bal ance bar
has no nfiss Eigire eshewacesingls tubadSericlisdisvroéter 6800w ving: e floar tubavad Inand a

bar can be cBAPEEER) SREgBRRER P par BaLeoRand paf 3t liadhyBor brigote hAr 602

i ndependent ?ﬁetéolu@wwesbﬁarrgur %hé\ﬁg%muka)eoﬂm Bhra%belb%F'éDE%s(tﬁ dy ¥Rss
node shape then | ooks ure t he Coriolis-second

nmode shape Iaemdl§PMGMQ;jUraé<19303vhﬁ’reeflrﬁkbﬂ@dldgf(d@ﬁérm@% thhmreatsaalaﬁw@ Nar

r tve mode o oEplAENedforE AR LparIRN: BEEOLdn FRe ¥ ST dddhh nin shew
and in ype sgpofiowbene agd batkncel bai gutte ddtvidreyextere cfuthedfviphase imithd figstch

other. Since the bar ends are not connected, their phase relationship with
30 each ot hebeR@iRE{IA¥EMOEEr ence to their resonant frequencies. Thus the

second ‘bending (o p

the first bendi o BHe oL fRatdR g m s helforaflob  INEARY S8lBeltby
final desi gntfeatnuentioaed sithgteostraigit tubleeCsralisnitbvireatdir rag repchsehrwqmeﬁigtyre 8.
bel ow t he drive frequenc be, achi eved by alterin st"', ness
of the bal anJE_Ee.lﬁ%ﬁp‘glf q%{pgﬁ%wgepéyge Egmf%ll@:é%’ sleﬂs&héaé%& ‘ﬁb haSde
than inyghe %'Iéé&tn@ﬂ\%’s@gdﬁag@ reBF@sé’rﬁé@B?Qh@fanbfé‘ &t%@h%ctfo?f’lbgra%d'tﬁetréﬁt
t he bal ance ar 1s extrenely stiff (except for the two reduced .
stiffness zoaxs 1138@8Trmwb1madwelppgmpéthzz)alwec baitis Rb3hitad inHhasedsorm gxis

becomss & 1 uie shegheianihdlTt o3t afictER Rudhs SR0AREE GRiorbidtah g ow

1503 and fl 'Omdwb'ﬁwéﬁalancmmmeoaﬁrs slfﬁowraailengttmé tedlraxid toeans islérititied

Thi s has the effec of renobvin effectl g from.ba)] ance bar 1503
and 10 conceMismati Bef’ﬁ‘etoéﬁk' the a6 pas Balse Barvaiaetienis 145r Vegiard 05
adj acenpgt 0 h?gagmsa Ssérhf?x nﬁéabrﬂmv&m@m&%n@ s@s of the
5|gn|f|cant effect on f"‘l‘e |vesr|n rate of the bal ance bar.

Figure 22 fl Howttupe amslcbalarnme bat. aNete that thpaw phase a@@t&acutonﬂtwm*mcsensor SR

vi bration anpli S b ri

Vibration 15leb4fE it Bede BlaRIRt e HBe ERRe TR 1eguiRn fiyige BER and
vi.bration anpenditidey) is dubob hhé Iprefphasvatiit bbtheli)andwbarin sbavérnipanaysingide
pl'ane 2201 between flow tube 1501 and bal ance bar 1503. Stationary node

pl ane 2201 i b2 PEIYSyi bration plane and vibrates with neither the flow
tube nogsthe bal ang bbodlfiefl SUNE FaseRafgerfordbsidMvAfintioNstr, g:trb\ﬂﬂes a
anplitudes, stationary node plane 2201 is |ocated approxi mat

bet ween f | owbalabee pgowhase saacpraamb:@nqba@ mMBEFespRarifpgrenoris sﬁgmémeim*ethﬂmat

has a nuch | a f

ctati onary naRupYes B MRLH 4R TR G R PR B AR ER BLEP T ER R0
1|501 9; 0f ar eﬁéitdshﬁe(:befwmd dCBenr'.]n‘lngb hm@ﬁtgm@mmbme&?, _maersy wsy@tf bcuwbar%@e
pl ane i S end of the bal ance r .srln, |on :
brace bar 15625 6ffie Q?o?’i"@[‘tué‘ﬁfoégﬁ 6@'5‘?593&%3&/@(& r\téé E%gn%*fnode
Figure g8 giue rddorﬁor"i'élgfbefh&fdd?@h!;Vd%ﬂ%tchéﬁ rh?ﬁéhth@é“bftfl&ﬁw 'twebwérfdeﬁ#dsve
spring or bal ance bar 15 Figure 23. Wth nost of {)I’I ng tfunction
of bal ance baropmmwalégnhewgatenaldi%eatbar@el‘eb@ttoa W@H@@eﬂ kalanesednfiZince
bar anplitud I r
opri ngr eqi of PRETLERREb nble Bpadle ] 3MheE el ofieEbi Ko B 8
that it has frdtitgmeing Imtmd@Qdiiwd)ef/ré)@jawearhmnhamlartcedbarrsaetdondltrertdlmg friodst
bendi ng (drive) node than in the Coriolissecond bending node can result in
the Coriolis-second bendi ng node having a | ower resonant frequency than the
first bending (drive) mpde. This is explai Aéd bel ow. 25 .";



9 Decenber 2002 The vibration anplitude ratio in the drive node is

determ ned by the mass and stiffness of the two vibrating flow
t ube 1501 and bal ance bar 1503 have equal resonant frequen@ﬁggg‘r%gﬂaiioﬁey
must for a dynamically bal anced flowneter) then the follow ng relationship
is true: 5 _Kr xbb M Mob Al so, the | aw of conservation of nonentum

hol ds: 10 M yasonihbfradbeddy. fromthese two | aws that the
vibration anp|itude ra?tit’)eo %%ﬁﬁﬁi%%gﬁe”{’m mesle fraguencyrad tee balanbat

the mass rati B2al§dodhe firstdsadingtrnodendivebfreagemdy . Kbh, El bb M
Kr 20 Ther ef ogg, -% éotpmea & bar lS%gwt gphssg gé)iéhv\i\ r%/??%{?g/t”f_ ﬁqgﬁﬁ&ir%ﬁf&ﬂ
than fl ow tube ?g ? t ﬁ%?%%a}éarﬂ%l'ts feernd b%nﬁagm@dmiﬁﬂﬁerremaﬁsﬁwg shown
tiff t hain dehail dh Figd i j ' i.sed ab h

Cor ol 5 second, bendh neroce eRt Sbiath i YRDEorldl Ak e of herhasance bar
vibratio anﬁpi"tslfﬁéoﬁggieﬁding neds With sdspberdithg rafo Bé%é?ﬁﬁk‘geﬁﬁt %gﬁgﬂégg@ﬁ
|

1501 and bal j de high. This is done by nmeking

1503 and itsa%iﬁgﬂg%[qgéﬁggih%@%%}?&%ﬂﬁ@?Sé@ﬁﬁfiab@!wingmddmretsuh@nﬂf enbye
result is thakhe hexistaD2 indiErsnRg i ce bar 1502 is close’to
bal ance bar 1503. Thi s makes the gaptﬁ %WﬁéﬁgﬁgﬁﬁgeM@ e &hive} fraquemcy

dri de) HRTGHNe PRCANEbenstingmpde seromadt ematmy ofesis , .
Tl tude ) | o O oD RS LR Thof axise0lue

anpl i tude ratggrel I s The, fl tube Coriolis de
is |low becautsfgpriell':s ériugqﬁgta%@%fﬂﬁ%%& g\%oﬁ og\l%? b@' PBS FreRenserafhadacge byr 602, As

Cor i ol i 40f or €80 b¥isecbaha@oriotiaresponss inddsed endi ng node is
hi gh becauseyi r%ltf e'b(rg%%{gxci te,dpby t he gc%dr’ ?‘ﬁ%’?ﬁﬁ%@%ﬁqéﬂﬂ%wm when
1501 at or near Tt%s°§ ”b%ﬁ&mdrmecymm séceqd iending Mofid Wson

: : Hding t
t ube/ bal ancefraquen f a i bration amplitude ratio i tHe ’
Coriolis secon becrﬁ? %grmge Cf?iqﬁ%é'-cfow‘ér%rlﬂ&&?m?&e 90re of tha balamcy bupde
pl anes bei ngd@¢r83ges bwardw zeub fofrbid makirh 8mTak e8e trhfo %'tﬁgq%bf?%q Springs

latively I | b te | th HedClRsc B d
bendi hék&{ﬁhﬁ%&&%& APt ddia - ahai Geflafsaesponsmentys bERMCS K Agh S
d di derreasks frarhhits g [ i 0,1 hown in Fi 24,
Egggzse‘- t Rel Vi brF_at i 0 rlrgl it Gdagmr%??%"%ts’bdﬁitg%éf ﬁvc{fﬁ%a%%’g/%é Br%%é’gg;lgisissthamw
in the Cori % é%‘ff&%oﬁt%‘fﬁihﬁqvhﬁmb?twoﬁeQaémieearlEa@Iaméiyr’tgés%o‘fﬁ'é Giprét?oﬂa?e

in brace bararhbfl r i drive node than in’the rio

!second be,ndi%g?mg%%abb?g?tg‘a@%gg?’é@ 't% Egcg%i%ﬁ?@ﬁ@ﬁlﬂ %f%@l%mtwhdﬁgILMtllwzn ke

a | ower frecﬂ@?ﬂi‘?Wtdv&ﬁdtahmlfmdemffI&Qt&I%Ebﬂ%ﬂﬁﬂé%qﬁgﬂﬁydé&r{@%w her e
[ ’

are four deg . t hat characterize the present re "F%dc,
the sti ffnes%sf‘g%%g‘@gf‘g‘%f?ieB%ﬁse%@éeﬁt@ﬂﬂ@&eﬁiéat piolfs fidvaraster LindbFedilifid A

r egi on 20506.in Which thewersnd Bendlak A 2 ding resonant frequency.
Thi's is dong bé. el e néjs_ 1508 g%d 1509%?5@&%"&%9&F@?fé@dﬁweﬁm thel fue
spring rat e’ ®T8NIGAfrivehigeqrensy ognded sucheobalitiohs ARe i‘t‘éqﬁ@ﬁé&??agioiié"'ahé}%]y
central regigeshtdbBan i ' iately outside of 'the Teduce
stiffness rggi ons '158%%61”5&’5%8336&%&37 S%Fﬁét'arhﬁﬁ‘éeemé@@éwoyrmﬂnbwrs..\
t he bal ance”t?é/rbes%@ﬂwlmnhﬁmm&mﬂethéfﬁﬁ@eméycoﬁﬂisrffb ’ﬂg{eznce bar F203 is
made stiff jug r'é%p%ntggeg@lel egent s 1511 so that nuch of the bt PREF&tEd gpthat
vibrating structuré occut’s Pirept isSaohtht tothe feft ghabscisnasans l%@réé&tih%'aaﬂa%
bar sp2Png st1.0fness to become a function of the vibration anplitude ratio
bet ween the flow.tube and the bal ance bar. Fourth, the relative nmass and
stiffnesses of f WP%&%“@@Pab?rmeﬁwraﬁcendbbendiﬁ@?mbaeSil!ﬁgtiér’ﬁ‘@fitptrgg%ect\;% |
vi brati on aplghtasdof frid E6ridif! ) | ance bar) is higher in the dri
mode than in tphe Cor | Ol?gqgg&%ﬁg&gégﬁéﬁﬁaﬁowtuge d)epends 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

bending in the balance bar, but rather the Coriolis deflection of the flow tube which

30

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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npde.. This allows the bal ance bar second bending nbde to have a resonant 25

fif equency slightly less than the first bending (drive) no [t t be
necessary to enploy all of these design features to effec?éapﬁ%e@%?{éop?vi ty

enhancenment of a Coriolis flowreter enmbodying the present invention. It is

only necess f ture t he bal ange bar
150% second\ﬂ yat{?ﬁr?grgrﬂo%‘ ?’?Egﬂ@%% @%Eoeal%riqaeo%r%go&dl gg?sr@(ﬁlﬁgﬂ‘é\ﬂ/’sab:éo“fhe
precedi ng dgecdiiveettequbacl r(rrramngr@fatérnnah nventthen thévsaltaheeftsyrr@éefona ﬁabﬂ@' e
straight tube with a 'paral bal ance bar beside the flow tube. This

been done oYibfateppuicdiprhasg Vt#fh theeflowi iuhe Codolisoriialios. asralown ondiigures/. and

design features i i rai.ght
tubegCorl olis f I\glfvr\‘/r?bpg? b\%l f\ﬁ& b%%é‘@&@’@% dgg%éué%r@éa% Vﬂk‘etgﬁtﬂgw gg ar
(Fi gur &5 25)Cesolisweddflegtion assh F(}jlﬂewlthlaaﬁhagnbtearﬁdi ovitref BsvdIbtigUsensd® BLVBAtA
concentric bal anﬁe bars. -The preferred enbodinment is the single straight

tube with daadeaflpvdubemideein \ahll%th:ﬂeen@twcwl elurghtaslegiy sengar SRamthf or
larity, h f kot |
e Ceon ESSRIORRNR R B IR BB el Y e

sensitivi tyreeirmhadndm@wéaalemq:@abarsfﬂﬂosf thecbehmes bals (Bigyuse t1|)va§ yn tpridrhart

poi nt V\/ner its accur can ri curved t eCorl lis flo ters. The
enbodi nent B‘TW@F%U‘? ‘e %%mgﬁn F‘QrV'P@t‘Pﬂeﬁm@B 8@ bajance gar B2 serandt he
bal ancgy barpeffidy hiddeqBRE Mud l’?&&éds% e
bar 2503 10 'S connecged at |tsewgln @%n%%é:e bar slﬁtz%%ﬁzbgg??eﬁ@\?v&%rﬁgééggg
The center qrsigningitspd thatdtsrasenand fnaauetz@ﬂs claseftodhe dviee dlequeney. tThis mastlts
2507. Secti, of reduced stiffness. Bal ance bar 2503
al so has adﬁeadlaﬁi 3 @%ﬁéﬁ?’g“’%@ﬁfaﬁ%ﬁg‘%‘é{s corresponding to elements 1504
and 1505 on Fi guries v@@o? 4iagFiinsfof &s CafioRs ﬂbnmeee@badvngnts aélaﬁbgtbra? s%éond
permts the second bendi ng node frequency of bal ance :

slightly | Ridingawdeneqyenay ishtly bglavsthe {ist b@@silngr@@@@r(@yv@nfdeqﬁmmés
th |
e SO SURERERGLA TE I IhdIR3Rl RS Falrol bR RBABAITObSR] oBBURER, 425 %0

EI gure 25 evabdqrt Thaty EtlsvmthJbee[ﬂG@éntartdellmgmmymmdpmgerdowfcaewﬁctm b‘ﬁhalnce
2603 t st t t
ot portr ondsaante SatyRltaRRlr | OR R e s Ve e Re el B Erh S CHake

the transith&Beén, QAL Voakh &alft HAuBe MPthe ABRNELbEVeRIRAS O&Gé?eﬁ”tﬂaﬁ@ﬂ@ Phib@
center portion 2606 of brace bar 2603 has a | ow nass area conprising a

void and el 1o, of teadidiancedus vaetprZd0s. \Mha:netam@mhmﬁaszyloh@weerascnﬁn

Spri ng,d at [

manner2Ge d3 Ui SHERF Suabiphell sriyBolia] SFuARHGE BtYedohdd i Bog30Ee
in the Sanwammmm%s\/mmmmpses%\wm@nwtbﬁﬂﬁxﬂsrgrtah@fmomn@f)rSFgure
22-24. On Fi 25, meter. el ectronics el ene ives si gnal S
T path 2@ b 5e8 R S (FeRRe ot (a0 BTG BencUNe e FNRES ST
vibrate thesddspwsHia rg%ltﬁd?ﬁthlé%r?ét‘éeofttﬁé fl%Wb@UEh@fgeBHfb'i@/ 1¥“sEBn?§‘§Qve
other at a resonant drive 30 frequency. material “flowi'n the vibrating
fl ow tube, agreaier senifi\ilysthandha msior st m@tqrnepffﬁt@wet th@cvs(e vedtbediagrars is

| ef t - d phase with respect to its right-hand portion as is
wel | Efa%mpél?{n&vgﬂa th#%es{a Coriolis deflections are detected by |left sensor
SL and right ser&gmreSERshdiwgaalemhrc&tmms:tewhemgthtehmléhne bdi secdatibeatingnaods e
appl i ed ov r 28 Dﬁ@ nBer %%(%2 ath 242é % 422 to ter el ectronl CS
2420 whi ch 5«?%@&&5'&9 Y 8PgrRine i GRR LN EOHRRR T 19 'eRaed heed

out put i nf i34TBhtPBaPEOL ArdHAGed But BEp fﬁé@/\wmﬂ e@Rhthat in thBiffst tstfrfzmgimo% I's
applied to path 2424 and may i ncl ude material density, material flow rate,
etc. On Fi gestltingin gham being m|péﬂraﬁeserﬁ@@poseh%rﬁaccmdghend@ggmd@RT@a@nuses
conpri t I razlely

att achﬁ trc}ﬁf3 f\tg,bf ag@vg?}u agﬂg)reg?( ntStB ﬁe‘ coi ?b@ft?%g%l ﬁ%%e?ea%%{n%rm

coi | / magnetpipase: 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,
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The enbodi nent of Figure 26 is simlarly associated with an el ectronics
el ement (not shown) conparable to neter el ectronics 2420. Jﬁgcﬁ_ﬁp&cﬁioagnt of
3

Figure 26 simlarly has a driver D, a left sensor SL and a rrg

nsor SR

(all not 10 shown) in the view of Figure 26 since the flow tube " Vi'tfafes in
a plane transverse to the presentation of Figure 26. In this view, only the

| eft magnet Ma&l@a(alrafce'dha\lsbﬁsc&%ﬂﬁ?e%&;ﬁdﬁ%eﬁﬁéﬁ?ﬁ%}% errgggter magnet M

associated wit dr.'h\]/er D (n shown t he
with sensor Bhot NS FRNA) O%V

expressly undgmskioed that the clainmed invention is not to be

k2 pathed

rysefos defh sems oFiShur Ehe fesultSs aTeHE?t;io?% i{t @agﬁpt% e

description of the preferred enbodi nent but enconpasses other nodifications
and al terations wifdira thilustatee taed/esRirrdddit®in (S é%‘?éﬁ?#'bée concept. 29
[

9 Decenbgr 2

rihay\Reetsesecond

AlMS: .1. A method of t
havi ng a flo%%ﬁﬂﬁg T‘g/‘?%ifeﬂ“%%nve %[igglﬂvomogg‘;ﬁ:(sgg@gdingrmm eﬂvéﬁ@@@i é}ilhley
fo

parallel to &aiaditﬂ@dt/ow@@4af‘t%efrgﬁt{%%s Vién” brace baf means
ow ,

coupling said balance bar to sai

NiORdE @ dawdubpis affseyfrohethe

steps of: 5 K& i@0Rabyrthal andie apigly, saible feRyei u@@dto%iﬁpﬁt %)fnﬁwsai d flow
ot ne

Hah sersor

t ub d bal f_,ph th t
$£ﬁ;mz?ﬁﬁ@#&@m&%&%ﬂ@ﬁﬁam&ﬁammmmwmmﬁﬁmy
of said mat exaaﬂs_Wthéadgrd@gV,ga,y%@ggctaﬁﬁntg,@lhg@gﬁg%%;&oli ngg:a gg periodi ¢

in said vibrating flow t

bataocedar

Corioli defle?tl S |

flow siq)d p&tq %"df@sdér\ﬁe&qrsﬁﬂéfar@iﬁ imdésdb'ﬁohgtfﬁbaé%t@roiez&pmg regj ons, of

defl ection asand sedds tHOF Hgtg 199,00 q ééectio,n; charact eri Ze(y?”Pﬁ%hratAs

sai d nmethod further |'nr§:%)u§r}s %@ §§gt8§ g > ISineyLiRithe negative fosirthigkedrant. The

def | ecti ons halarcs bamatgatve prarseahdaad do Bid st%ﬁaé@%ﬂ@g% in response to
1 GFi

said Corioli ections, of said flow tube; sal
havi ng t he srgﬁgg%] a

Coriolis |iKetirfdoshivh9Rstersf

of sai

material flow 2? detecting the velocity of said flow tube wit
said velocity of 'BECANAGYrater obRigurgghionveticthesbgaats béﬁl}e%oﬂ@
ala

said vel ocitr&q@én@ﬁ&%eﬁdﬁ&é&% 3@%&?@%6\&%% y of said
|

derivigg i nformati'on (252 rega

4 f1 o\ gSexeagieneegh tons
% (anGRensiiyityhindo ther neghtiveGeyic, i Wl’@ﬂﬂi?f&é!lgqﬁéaﬁsai d
37 70 MR PRRBIRH g5t Todee negatve dirstivenc;
-bal anc ar _havi ng a resonant frequency ' nega rezguRNCY
Cor §5b St ngicatRq flowinshe tive di

20 Jévs 6 becigaliovitls by ehaegiriphe gi%h IoRCthea gi(%%{é% | l“:’ ttre E e of said
ar;, Ssal ro

Coriolis Ii I i | n .said | ance

defl ecti onslég g';%farir °é‘|qgﬁ>é§aﬂa$ {r}?ag&ﬁﬁc%lﬁa@ﬁﬂqﬂﬁmC#img)fpeqmém%hgﬁt\% étﬂﬁe

magni t ude othepdriveoflequdrmyiigldds thathﬁ—gfequdsai d vibrating flow tube Wit
I

ereis . -

h respect to

esentin
berihieds
SRPrataread tal imiproveskivanser

balance. In this configuration the Coriolis force on flow tube 601 can be balanced by

the second bending mode response of the balance bar. In conventional single tube
Coriolis 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 Corioiis 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 sensitMty 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 flowtube
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30 to said generation of said signals. 30 9 Decenber 2002 2. The net hod

of claim1 wherein said step of inducing said Coriolis i InARS
i ncl udes the step of inducing said induced node vibrati On?ﬁ%@%ﬁtge?taz'oﬁﬂ

resonant frequency less than said drive frequency. 3. The nethod of claim1

wher ei n- sai g, St ' ' ' il rh&dé Flegueaty acbélowstherfzstiusaslinge
step of indﬂ’&%&ggﬁﬂéﬁggfygg%eﬁgﬁgb\%ﬁgirngtrpgcri]i hg\l;li ngwa resonant freq end(;:]y
great er t hamogaidiiverfraguénosy trentwo modeI Ndrasths ®f Gihase A1t aacknetner ﬁ”‘géki‘%

f i nduci id Coriolis, |ike defl ' incl
T L oL ek e R oS el
substanti al %@lﬁ%@*g?&f%@ﬁla%&fdﬁﬁ%tfcb%&ﬂ@_@Mw tobe Haeshmeirhard Figfure 7 aiBeciuse

wherei n sai cing vibrations in said bal ance bar %503) -
i ncl udes t hgesbelanct Isaterdtitationosawseifadits aacpadoperdNg MPRYe Sl &AriolFi s

deflections fromsaid flow tuhe through,.sai t | ar
to induce sHEHEAGP BFF@E 85%?‘%’@'ItB(e,tY‘@%ggﬁnaqg@[tggﬁacﬁgﬁce;e&t%@éjE.Qaél'%geﬁg?hod
of claim1l p@ﬁ?iﬁgr}néaé%ék%%%sois W Criohy fsreb cbrbdharfiow tive i(26EEESI nEhigdes
the steps or: xi'ng ends of said flow tube in reﬁ%onse to said periodic

Coriolis deptmiddsathe sameldegree of ¢ynareipdaincg WPLAR B @Iffans (2502); and 5
PR Pipitpeiding b : D T : o
exing a secon J@-E,szér&ﬁ%ﬁ%ﬁﬁﬁ8?1%33%@5greFﬁ%lﬁg_éﬁ§§e(B.Qh§ﬁ‘!a@|rfd Psivathrek eai

first end to ind ections in said bal ance bar. 7.
The metRod @bc&ldbandinylroes freqaéntysdbmpe die firstibendiggsacds (dove)freaqanck and

ndues ng. i mafarsd SmepREn gL oo ARG EP Hect SRR e baey
ST RSO TRERCHTY e Tt potly e e o
by i nduci ng feudnéiesiedual. tTHie islpbssiblei end i$ m%m@t@méﬁ&@ a@grp%ﬁt balansesnd
han {ne vi orakdaomat afahiet s oo s ia BT, D35 Bl % VR e 4 et
Lo SNt L e et oo s
transferri ng;étnldmggﬁbdetfrieqeespy‘)i H@edibrg@prgrwed}gggf%fgremnqr%ﬁ? ghanges
e R e e e R
CPTPLL o SR EkgRel s oot et
bal ance bar bal@ceThal AeeaslbaNIBRAT NG doas b Enaadp el IRy iy i BeRsh,
| over "B t hebecause it contains no fluid. This produces a situation in which the two frequencies
(drive and second bending) match for only one material density. For lighter materials,
the balance bar second bending mode frequency is below the first bending mode
(drive) frequéncy énd for heavier materials it is above the first bending mode (drive)
frequehcy. For light material, the flow tube and balance bar then vibrate out of phase
55  inthe second bending-Coriolis mode; for the heavy material they vibrate in phase in
the second bending-Coriolis mode. Furthermore, the flowmeter sensitivity
amplificétion varies greatly with material density whenthe balance barsecondbending
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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frequency of said induced vibrations of said bal ance bar (2503) by the
provi sion of at feast one.flexible portion of said bal anc&Bar toeonl B;gar
with the provision of increased mass (2504) on at |east orePSteHR? %ﬁg i on
of said balance bar. 11. The method of claim 10 further conprising the step
of providing a void é2507) in at |east one portion of said balance bar. 12.
The method of MAtE-nThe hest desigsaiss hm&h@ﬁﬁ@é%iéé&ﬁ;é%ﬁ@é%& %fél owering

S

the resonant f ai d i nduced vibrations o & tharbagnce
the provision é?wrg;%‘(%% %%?%F%H&OC’(BZSO& 2509) of said bal ance bar at

| ocations of high Desifymopamirnt i.d.bal ance, bar in said additional
mode. 13. The net hod % claim1 Fﬁrraté%lggglg'ﬂ‘pa?%r'ﬁaoﬂhBa%tC&altofNitha'tHﬁ aldyifeg

the end nodes"dRU¥RNP of thexsecond bmﬂih%%d@ﬁ@%u%r}@%a@%b%égﬁégce bar

2503) | i : .2502). 14. T th 8 0 &fae dirst
gt ep Z)fl %?ﬁ{%ﬁ’ﬁ%%%?é‘g%&e%%@% Jbﬁglrgfzrreg embddimeachaotie &%é}gncgzgfqgg
(0] sal

1 0. I e ) k4 v

bal ance bar 2]ot %oaﬁrl sing a sti
met hod of cl 1" $SUABI Braterisds do otcaiseth twerregidrRsdd R0l Sald bal ance
bar are out @ ' i odi i ol i 8 '%FWQQ"EIG\SP qnd

enRiRP /oM 7 éﬁ'@nc%%omﬁ ?OI’I olis deflections di )
tube. 16. The nethod of Claim Ry gt ibG”G&“Q\IBOdeGﬂeivetﬁqubﬁ@ﬁi@afdr{iéﬁe
bendi ng node S8Hatiathdhal sosm Wdultﬁ@ﬁﬂfdm)ﬁ'ggﬁig [ orﬁ]eoé sai d. bal ance bar
conpri sgqt he %g&g@g becrgqi ng node of sal al ance “barS'97 7detays wharaby this is
clai m 16 f ur £Re? ?ﬁ‘ﬁ ”Rg’-the step of lowering the resonant frequency of
said second bendi Mge i nce bar by the provision of a center
portion (2506) of sairfglgggletfgrri@agggt%hﬁﬁ‘edeﬁ?'@ﬂt%ﬂeéuﬁﬁﬂDmeibﬁﬂ@sta.ﬁQg)eQr‘é
each side of MASSENCkIAriNg raoet The eoliatanh %rb@é@%‘?fﬁgag hage! her wth the
provi sion of 5 increased mass on each side of sai SRR portion. 18. The
met hod of claim 16 further including the said step of |owering said
resonant frequency pfKsaid second bendi ng node of said bal ance bar (2503)
by the provision off flexible portions (2508, 2509) .of said bal ance .bar at
| ocations of H!¢h fénding noment of said bal ance .bar and increased nass
(2504, 2505) at |ogagjons 5 of high vibrational anplitude in said 'second
bendi ng node. 19. Th€" nethod of claim 1l wherein said Coriolis |ike
defl ections induced in said balance bar are in phase with the periodic
Coriolis deflections of said flow tube. 20. A Coriolis flowreter having a
flow tube (2501 ) adapted to receive a material flow a bal ance bar (2503)
ori ented substantWheétey parallel to said flow tube and a brace bar (2502)
means fgr coupli Eg_ sai.d bal ance bar to said flow tube; said Coriolis
fl owmeteéer furthe ‘Cﬁ‘?r’ﬁ?géqtﬁg: 5 drive neans (D) for vibrating said flow
tube and bal ancepparmgsd of phase with respect to each other at a drive
node havi ng, a frequency substantially equal to the resonant frequency of

I

id materi &1 ofder|tegatitbeyfr of har: terized in that
cai d not ho TN f e Secana RN modd BURY sl el bradiney

sai d mét hod t incl udes: periodic Coriolis H§t Pradined
in said vi bﬁggﬁégﬁ??)g%‘#%ﬁéyﬁ%r%#rﬁ@f-'%féiednm rthalconlvemtior@Bbalance bar that

both raise its first bending mode (drive) frequency and lower its se
20 frequency,

Increasing mass and lowering spring rate (sti oot oo - ol
stiffness) both serve to lower
ing mode so that is
mass and stiffness
significance in one
amplitude has little
ent has little effect,
oment diagrams of
In order to soften (lower)

tbending mode, balance

frequency. To lower the resonant frequency of the second bend
lower than the first bending mode drive frequency requires that the
of the balance bar be modified in areas where they have more
mode than the other.‘ Changing the mass in areas of low vibration
effect. Likewise changing stiffness, k, in areas of low bending mom
Figures 13 and 14 show the mode shapes and bending m
the first and second bending modes of balance bar 1301.
k in the second bending mode without softening k in the firs

25
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9,Decenber 2002 said periodic Coriolis deflections being characterized by
regl ons of deflection as well as nodes having no deflecti 08 De 2((?%502)
for inducing Coriolis like deflections in said bal ance bar WI sai
Coriolis |ife deflections having the same nunber of nodes as said periodic

16 Coriolis ylgf{mpt $tﬁﬂ'$esssc?dn%§%d&|eb% kideR &lebl apkions b@ﬁEIng%é‘H\ehPQ‘Ife%‘?

node of vibration of said bal ance bar havi n% a resonant enc
suf fi ci ent | yzarbds éhe §rd dieddingsmada@nddfigh il thepracbodibending mbde cMsIhedthnesns

to increase .the .a d, Corioli I|k def | | bal ance
bar 20" oa d B OgIE8AE td P Enacts St B8 5P Shaliadl. Eavenng
arml i tude prippetitfhessk, odbalagcavani Soret I@Eaﬁilﬂfsl 1BVERAPTI has IfHRS 68Sct @R thai d
vibrating flow tube with material flow, mnmeans (SL, SR) for detecting the

vel oci t P of fERAULTTAYORN beérswb@ﬁdmsrps@ée qfoFighied 19 singe Ifye Bewdsbd ipaelatively

bar; 25 rrea f r

C0r| olis def g}hons o gélo dﬂéﬁ%g@gggﬂsal é?ﬁ)?‘?g sﬂ%@g g%’??ééﬁ%oqrc‘?s

of said bal al“rms haweriag dhenstifineds 428)odapiond er306i argd nraoerdo@b rfdt @ffect the first

information in responc? Ci( ;?ng %H%enerat ion of said SIr?naI s. 21. The

Coriolis flQansding mpde( GOWRBFYI ROWeVar, s figureés Iﬁqaﬁgn%éﬁ@ﬁ

bal ance bar | | I

said i nduce(?dn%td;ge o?é\\%gpﬁ%ﬁ{%a ﬁlr%ﬁ%rq?é}s@%tgﬁ?&?dr%%@ﬁé%%sgﬁ%%éﬁ%é

drive fi0equehegtiff@@ss dhspribgratd ofthé balanes ear affitsddctiona0t 3%%6!1!3036&@9@&@@8
' I nduces said Coriolis |ike deflections

(D for vibratin salt_{ﬂd bal ance bar
in said bal 51?@@“855 R4 ”Eoé{écf '$HRN¥d node of vibration having a resonant
frequency great erTﬁé‘%PstSQér@dIH%'rﬁsdérff/%ﬂ%@%y ofzo%naﬁféée b&PI1a0h | Carl HEWARRY bi!

claim20 wherein said neans I brating sai d bal ance bar i1 nduces said
Coriolis |ilacreasingcits sinffmasa leam@sa)aneaawebant haistehhighi kerdintumecard deitfirst

br at hav, t I I dd
{requency.  priing gEREERE IS WS Vot 3H B lq Blopt i A e giriEimanen fear
wher ei nssai Gef@anmelibbf anmelweabwssm@ acdtibakeps e30ar ARXh oh @F FRBIres 13

ic Coriolis deflections fromsaid at | east one

I ndi cative of sai ero ) )

f1 ow t ube t I®&WU ajepthatat ingatinpds971 Brlapre baal IhcBagpa highdandingraorment]

IR e e uten et e e

def | ect i ons mods af Higuwaé ddc d Huay atblaboes bm,dhatd'fasz ldcrfelasmdtsuﬂﬁmaes'snn raesp bBGR

E)gr sa;ﬁdper ! Qﬁhavec%rﬁxggxersdrgveef #rgé:&e'n%rglswhl% Ieavxng?hel: éécsc}n endong mode frlje:rtq%gncy
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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fl exes a second end of said brace bar in response to said flexing of said 5

first end to induce said Coriolis |like deflections in sai %B@égﬂ@&%@gg 26.

The Coriolis floweter of claim20 further conprising nea
2507) for lowering the resonant frequency of said induced node of vibration
of said balance bar to a value approximate that of said drive frequency.

ot ses atdet " e, mabr o anee ety oBiRn P WHiBHELLEM g,
in said Cori O?I S |§% 'ﬁé?ﬁ‘égg%rpqyn O%ﬁ‘n%erégb(p:lﬁé%yWgﬁﬂﬁﬂéoﬁdsalmaddétﬁﬁﬁthe
2508) of sai Halatabae1bes o@ki ' ' ' n '

Cori 2)| I's Li Ik adef | ecti on_s.0 25%%@? %@icgpisgﬁgﬁﬁgfy@p%@%%b ﬁﬁéﬁ?&;ﬁngrﬁ
said drive eGSFrBPPE‘@@Q&J"GG&&:@QLtﬁamdiflurmamﬂasamdemwreﬁifr@n@ﬁi@cérﬁ@?ﬁ@ﬁigg
node of i brakg | bar conpr i econd bendi ng node. .
The Cor i%: i s%%@%%?ﬁo e@?ﬁ?ﬁﬁ%%@ﬁd igﬁ?ﬁ %@ifﬁs@é’ﬁow&ﬂ!m?asglﬁhgrdlriher
conpri ses a mogedhapetad Riqure i1y i 4) 2505) on
eagﬁ si de of saidyri ie? (ﬁ%gr;rer pgg’?}iégﬁié r%%{m%é@g%?% |saf o%ﬁ%‘%@Pg8ﬁ?"€P§i m
29 wherei n se?fﬁ'%%‘ﬁ&‘ rolI"HER 1y further conprises flexible portions

2508, 2509) of ' ' n.either side of -saidrigid
((:enter porti) % &éﬁiz'egﬁmc&aﬁée}?&@%ﬂ%@qmﬁﬁ‘gﬁ%'B?‘?’Q‘Oﬂ l&m&beuow%&@&égé 30
further incl reduce anteneamstifiness | rd e LbSes .. void
(2507) fg qu\g!e?{eﬁitgg'regqé_t%#n Bahraxi sitrjzjhg?f%%@ebpggsgﬁgﬁbg?’%é%
Coriolis flo er 96121 3i AP 299nefrethat dbhas i conten elepwnti B0 oomMpaRes to
bel | ows (18@emas ; iQl o I . of .claim,_?27 further

conpri si Elg maanr:s p?%%%aﬁ%g-oﬁgf 1%Thgeﬂg%{en%rggéﬁ%@%erﬁq Afedicedanass ‘
bal gn(t:)eI bar aea f@e(ieempambie Emllemyt]E :1)503&1 Eidun%dtls.leﬁ_aﬂm‘?azo éf)édd%]obrﬁﬁ‘éé;e%ﬁﬁzﬁ
sai al'anc f ri,olis flowreter of claim urther co n
nmeans ( 2508%”9?&8?%%%@8@,tﬁ)ﬁégg?d f"Eﬂss%ﬁ&Ei&Uﬂ’%ﬂ5ng§:fexibledjéliemimgg%d" ng
f said at flé@3ondiigurfe B4 ' ' . d bar . 35.
The Gorjol i .10 fﬁu o acdagel s SoRiabiato bl I JR0B B ABoRgn
conpr i ggs s? ilngre\#ge E‘P§E(CQB'FPFG@HG§)M&E saibddiratmtnafeFigare 28&eh €t RIS the
nmenbers (25 n i f sai.d,_bal ance bar, not conprising a
stiff neErbergﬁv%g%%@%ﬁ?i%%%%o%‘%&%ﬁ q’&?éﬁﬁ? bPUFWIQe"Né@%MQ;Bmgle
means (2508MNarBeoas 2% v cedbr tHb@mpotipent®f Migisify the end node of at

| east one fl ow tﬂ?g nce bar in said brace bar. 37. The Coriolis

.bal a
fl owneter of claim 3%8%%%{%%5'@5 dgscriradiantionres 151 8 arght bédtbving tHessscanal )

d bst benhdi dd frat Al Corjiolis flowet
of c?aggn 20, co o s reagey AR LANRe 1Rl 158R M g WP EFACI ne ()
and a Pal an(ggq%cy( Jbissarnke illigtratedinyassupting than the26eritral sed8on 3MBe Gakngki s

f 1 ownret er Barc! SHIhEE n¥hRLE Qn@.ﬂ{éjré.%%g%%ffrr%gse a(r)efas of the balance bar have no
o _ stiffness. In this most extreme case, the cehtral 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 andthe Coriolis-se_cond 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 mode 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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vitbration conprises the second bending node of said bal ance bar

December 2002 ' 40. The nethod of claim 1 wherein the stepgg g c%;(ﬁ)g sai d
Coriolis like deflections in said bal ance bar includes the Fg \d uci ng
said Coriolis like deflections to induce said induced node of vibration
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tube is vibrated; said Coriolis ke de ctio n sail alan
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D o oo Py BRA64 el BB BB 08 PRGBSl s oot ©
| MVAG NARY 1o8prihdedte bithelitilande bghe ~! net 10~ tube '~aet ~ bal bar ~ 106
509 205 FI G 2 30b Bgurs 22 flow tuba 1501 and balance bar 1508 have equal drive mos
202 201 FIG 2 30 r ave 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
vibratjon’ 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
. dynarmics of the system are concemed, statxonary 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 1502, 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 fneter so that it has a higher flow
30  tube/balance baramplitude 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.

25



' ~- - . FIG 3 9 Decenber
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\_/\I;V-SR-ES£)3~r\.N ~ r ~ r i FiG 6 (PRROR ART) 303 SR 302 +W~b Vt FIG 4 300
303 ~ 604 anf?éJ i/ilbrgtri]gn amplitude ratio in the drive mode is determined by the mass and

stiffness of the two vibrating members. If flow tube 1501 and balance bar 1503 have
equalresonantfrequencies (and they mustfora dynamically balanced flowmeter) then
the following relationship is true:
5 .
EE
M, \| M,
Also, the law of conservation of momentum holds:
10 ° ”
MV=M,V,,
It can be shown from these two laws that the vibrgtion amplitude ratio is the inverse
15 of the mass ratio and also that the mass ratio and stiffness ratio must be equal:
Ar - Mbb - Kbb
A, M, K,
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 151 1 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 (ih 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 itis 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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~ [ 1102 REAla b8 bar §pfridsTetlvey18hg BR4 the balance bar spring rate low in the Coriolis
second bending mode. This lowers the second bending mode frequency. The

5  Coriolis second bending mode with the low amplitude ratio is shown in Figure 24.

Because the vibration amplitude ratio is high in the drive mode and s 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 fnode. This

enables the second bending mode to actually have a lower frequency than the first

10 bending drive mode.

| In summary, thers 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 1506. This lowers 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

o ~ 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 paralle! balance bar beside the flow tube. This has been
done only for clérity 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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_ BENDING ° M“s%’?(i%‘“g%’ozﬁgsos |
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£1307 ~ 1406 %je_ntnc ba,laqceﬂ)afzggure 35)aswell ag t@emg}ﬁmrrve@ﬁﬂ:elﬁ&&néteré@ﬂbﬁ%?
%ggg 1.5i04 15%211’@?’#?:@“4&%&%&83 %g%%%ége%ggq embodlment?s the smgle straight
tube with concentric balance bar of Figure 25. Figure 25 and Figure 28, for clarity,
have the balance bar front half removed so that the flow tube can be seen. Figure 25
5 isthe simplestand most compact embodiment. The sensitivity enhancing balance bar
2503 increases its sensitivity to the point where its accuracy can rival curved tube
Coriolis flowmeters.
The embodiment of Figure 25 is similar to that of Figures 22-24 ekcept that the
balance bar 2503 is concentric with and surrounds flow tube 2501. Balance bar2503
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 stlffness 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 provzdes
the same advantages formerly described for the: embod:ment 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 addltlonally 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 andin 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 Corioclis deflections are applied over
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9 Decerpagis 2092 aPld184 NG métkr LR Mronics 2420 which processes the signals in the
conventional mannerto generate outputinformation pertaining to the flowingmaterial.

This information is applied to path 2424 and may include material density, material
flow rate, etc. On Figure 25, driver D, left sensor SL and right sensor SR each

5 compriselthe coivmagnet pair'with the magnets being designated M and attached to
the flow tube proximate the coil SL, D, and SR of each coil/magnet pair.

The embodiment of Figure 26 is similarly associated with an electronics
element (not shown) comparable to meter electronics 2420. The embodiment of
Figure 26 similarly has a driver D, a left sensor SL and a right sensor SR (all not

10  shown) in the view of Figure 26 since the flow tube vibrates in a plane transverse to
the presentation 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 assocxated with sensor SR (not shown) may be seen on
Figure 26.

15 - It is to be expressly understood ihat the claimed invention is not to be limited

- to the descriptién of the preferred embadiment but encompasses other modifications
and alterations within the scope and spirit of the inventive concept.
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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 deflections
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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description, are nmade: =~
‘P .- induce s_aucf| Coriolis 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
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shift an : - ci.ty sensor is reduced by the
non- phase E ivﬁ%%aﬁéﬁg%gcélghgmhﬁgb%&f5%‘H§§@Wiq€tr(?%Qﬁ)@ﬂﬂﬁaxiémﬁﬁc&isnﬁo a

(2508, 2509) of said balance bar not comprising a stiff section.
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15.reduction in the flow sensitivity of the flowreter. The reduction in
flowmreter sensitivity due to the zero phase shift of the g bQ’ai 02
conbined with the reduction in sensitivity due to the | arger ?ecrﬁ gleo)

tube dianeter results in a conbined fl owreter sensitivity so low as to

inpair the accuraty antheomethodichlclamcepirersin sfid Taalie IINébGefl+&Wﬁ§tc5fr§ald
for sone app atio P 1, 306Al di scl oses a conventional Cori ol
Kignee B afon S

f 1 owret er 6”%{3 se&itbthe paredia Ggyriodis clsfleetions of saiddionetubar .
The bal ance bar is a cylindrical nmenmber having a uniform mass and stiffness
di stribution except for a weight in the axial center of the bal ance bar.

The only purpose of6.t heTiveaingethod softc)all'rDWewhEI'm rsasd Riaine r’ﬁ'leGU@cS}ﬁ‘PnQés tathﬁrst
bal ance bar |nnt$J1e drldveadﬁ ﬁ V\er@%g sb of no effect 25 in the second
bendi ng Cori 9IS FEW ?rei"ksaé‘f’ B ¥DRRHRNSH A balasseiias comprise itise
response by tgeohalbanethdmodeld?$Biddaladddpdal ance bar is vibrationally
inactive at its second bendi ng node % regquency which is far higher than its
first bending node drive frequency. Solution 30 The above and ot her

robl ens are solv is achi.eved by the:present
anentl on in accoﬁ ancgﬁnpﬁq}&ﬁﬁc {hﬁgﬂ{@ﬁd: OMfyiRing fe ¢ péfi‘i?\ﬁ%ﬂ"ég the
Coriolis flowsssremtiequenyy oishidsadond brnmlgaR6Se B\Bs’al& BéFan%B'E%’PB? vision
anplifies rovvrreter senmtk\?/éé% to materlal flow. In the present ?

AVENDED SHEEP! @ GRnéeieerinp o spidealanembarsaniba rflearb!e ponmno(esaexzsog)gire
tube Corioli Qe e e wth,
respect to t%gt:bl ow ioﬁgédl %&?ﬁpabﬁpgﬁf%gglddpglaﬂ%égp t%%thah QS‘ eE{Gt‘éﬁlﬁF‘ 23
typi cal | % thmoressmhmasfsrm'qwtwdebfbmwtehm igmce bar and the material
filled flow tube in the first bending node of each. In prior art single
tube 5 Coriolis flowreters the bal ance bar | acks si gnl ficant response to
the Coriolis forcaes, antheGhbH § . dn the .
present invention sensitivi tz;gﬁbhgﬁag‘ejen@tn‘?ﬂﬁ% lgélHPe ed ?g'%ggeﬁ)gw: IRYySping said
bal ance bar. $esanaat frequeaepo id secerbb@uling mief afrsaid bakariceebrl (2803)hietHay

bending, in has th respect to the f|ow
t ube defl.ect é%’éss'ci%zg’ael’)‘&/gtpﬁg'°é‘5§?%8§ %E,(ﬁ)cﬁqlssa@@\,\}a&cgega Fhigeptiersent high
claims 1) 2, béﬂdmgrrdorifentdﬁéalﬂet;a@amtm(énaﬂﬁ'cr@%é’d LD d |
br oadest aspef: the invention. 211 AMENDED SHEET gg‘ga ﬁﬁgg étgg ions
bendi ng Rode® E'gﬁdﬂbré%i‘@’e%mpﬁ“@ﬁ@ srifd saeendlendimgimodesul ts in the
Coriolis forces being unbal anced and causing the flowreter to shake. Meter
shaking can shift flowreter sensitivity and cause errors. The shaki ng of

the meter is a fuh@tiofhefmétabt of tlaim Navtesraindsaid Qatriolig liled HEfEGEHhs iR hhe
mounting stiff. ensitivity shift cannot

be predi ct eds%’a%%z Iczéné]%{%rg%%haﬁ]é”tﬁr%%Bﬁ?éq'ﬁ@é’ﬁ'?fﬁHef'?ﬂ@%aq?fa?ﬁé%ﬂ%‘ému@e

second vibration node is excited by the Coriolis node of the flow tube.
When t he second b (?d ggode is below the drive frequencg/) the fl ow tube
and the bal ance ba0- vi Brapuclisuiowneiss haying a flosatben(2561) adaptarh to rdusits ag

forces of th Ki n

effoct of t h@aﬁ'ra?ﬁéﬁsgBé'rai"gé?é"(%"@fﬁﬂéwﬂ‘?%?gﬁéﬁﬁﬂg#%rﬁ'?%&zsw%wéu@mﬂce

bar's secondahfﬁf@hﬂrt@é@Z)dneamﬂoeaemﬁm@ssaidimlmeimdtntssé&ff&ﬂﬂtdb’@@é@r@@noﬁ' S

mai nt ai ns thﬁ%mggefqﬁﬁf‘gﬁfrﬁaﬁé' ance for the flow tube over all flow rates.
S

In summary, rio P8r of the present invention includes a
Eglnginﬁg Har whose physdihad mehns (Dyifer vitating saigfiinitubé ah@ bBRKBeBaF 86 Dhase
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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15 node frequency that is lower than and near to its first bendi ng node
drive) frequency. This permts the balance bar to respond th rholis
defl ections of the flow tube by producing Coriolis |ike de#ﬁ%%%rﬁ%ﬁ%?oh its
own which are out of phase with the Coriolis deflections of the flow tube.
This out  of phase relationship between the Coriolis deflections of the flow
tube and the Coriolis |ddi¢ peebHRCEDLA i : | a r._provide .an

i ncr eased net ppsas,e shi ft g&? of eacﬁﬁs\:/(eaileg%?t{%/r{.{gggl r&g r&?%rﬁggut%fe%lons of
sensitivity t¥eflecton asmriramnedasthaving nofdedledtioh; t ube Coriolis fl owreter.

Furthernore, the bal an e .present_ invention balances the Coriolis
forces as well as the ?ﬁ?%ﬁ@h@’ﬁﬁ'ﬁgﬁgngﬁﬂﬂ‘%é likg dedlgctions insysid balance ihar
i nvention is witmsit) @brivld likoaehattivhs HefifPeeald baLL $cfdhQpvret er
havi ng a Io%we, ?] bal ance bar ori er\ll{ ed Eﬁ@dﬁgﬁﬁréﬁf&éggé%%&sa%ﬁ#
flow tube a i5 detigalionzans coupl i ng said bal ance bar to said flow tube)

sai d nmet hod conpri sing ; 2 Qf: flow ng mmaterial through said flow
tube; vibrating said fls%vn\}q% %"3@3% dﬁgfg‘gﬁ% SR '”EFC%'&@@%WWWM@M 0

30 each ot herbalanca bdériharingoal eesomennfreaudnéwsutfic | u
to the resonant, f.r E&L}%@.g%&f the rmt g??al V_‘lfi L %g”??oﬁnv‘éveftggéfdgﬂéh@éad% SR
i

bal ance bar, ReA8FIS peliansitp dngreage theamipbiuseaf saidQanaiis like defledtions
drive frequengyail baftcd tyafbrating flow tube as a result of the flow of
material through the vibrating flow tube, said 7 AVENDED SHEET 7.

9
Decenbe02002 peri odi cs@grGatialis likef deftadtions dfeiatybahnta Baehagfly 4 aﬁ@ﬂﬂi.ﬁés
of deflecti oy ﬁ%ﬂ@él gz $§}da§s. havi ?g no deél ection; defecting™the velocity
of said flowrUbe T6 é fs nngﬁz?I erigpiceserielistprees en said vliratingdiovotiibe
def | ecti ons efthswatdrial fiowt ube; and deriving 5 information regarding said

flowng material in response to the generation of said signals;
characterized in that 4Rasbal.SRkfdsdetentingahavaiacity bbsafeastuashiiiethaqss
di stributi onypd LAGel | hat the resonant frequency of said

bal ance bar ?n a v?'grrcg iogﬁgirﬁr}ob(fiélﬁ%v%%@ t he sane nunber of nodes as the

periodi 2510 Coriolis debiaas(&lgm)%rgeg%éiaﬁdgaé’lt};ﬁé@?edrésé?ﬁ ‘é’aHbl%srforBﬁ%&f‘o(ﬁg

of the peri ogi% f:ori 0# i S ﬂeflecti ons of said Tlow tube; rro

defl ections SFECIRLRRIF lowike aad saiskCenglisdikerdrdledtionaoffsaidjbalanye bar; and
response to said Cori ghi | i . i o £l fube, .said Coriolis like
def | ections of said b%?@ﬁ%ﬁ%‘?ﬂ%ﬁ%ﬁ%@ﬁggﬁ% f@g&,{htéﬂ%gfwﬂg}jg@pggsq fesaid
peri odi ¢ Cor9eiierationeef sajdisignalssf said fl ow tube and representing said

vi bration node for which the resonant frequency of said bal ance bar is

bel ow t he frequency of said periodic Coriolis deflections of said flow

tube, said Corioldls | iTKe Qefidlizdlowrnstediof SR JPWABES b | hase
with said per i.cggi c_Cori ol.iqs defl ections of said flow t%ggp% E’Q\%’n@%ﬁng

anpl i tude prybPePBRRAIPA dnduses saishCorigls dke gefleeiinns icaaihbakanzd Haomtmss
sai:d vi br at iingudedonodaiBevibiatibn FBYRE : @Cﬂ% Il g analig fepresenting
said periodic Coriolis deflecti on@bﬁegglh%\«ffro tnégzae%giltaqbgﬂépﬁi’g{ﬁe%?wy-
respect to , |
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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sai d out of phase Coriolis |ike deflections of said balance bar, thereby

enhanci ng the anplitude of said signals. Another aspect i 0 d
apparatus for operating a Coriolis flowreter 25 having a ﬁ@ﬁﬁ%@%&@a

bal ance bar oriented substantially parallel to said flow tube, and brace

Corr ot he. ot aes- ol TEFICARAE amaitr S0l 8B R el U Biviratioong

conprising the steps of: materi a rou

sai d flow t ubriddetansel barcexteads tortesinditatie of $aid pesipaRrt CoHoIRULAREM R PASH
in a drive rmdg E Vi Pgrea drive frequency substantially equal to the
resonant freftigh Ga& fEOVEke thapugh said PracenaisRNaiasaitbalabas hante insarce

wher eby  per |l CaRlis Ak tiefl8blisis iy Bafyldaduped at said drive frequency
0

in said vibrating flow tube as a resu the flow of material through the
vibrating flow tube) said 8 AVENDED SHEET 9 Decenber 2002 periodic

Coriolis deflectigqns i haracterize - regions of deflection as well
as nodes havi ng n%g?deméggpgﬁﬁs ﬂ%‘ﬁ’@l?ﬁ?'n‘gf Cltfgl/’lg‘ 5@!”8‘8{%'986& mgaas {Pder indveingo
gener at e si graid Cariais dikendéfebtRak dnPsdid Qs hekii i Qns .qf, .sal
flow tube; and deriving 5 informat Ppn '9?&4%%%??2?38?%@%?% %@é’?‘f"éﬁg{eﬂn
response t o FERROTROSRIF BRrigdicaeriplisi daflections teaffaxa first 2ad of satditahcestareand

bal ance bar has a non-uRikQr ' s distribution along its

|l ength such that the rfﬁggégn@@g%&%f%ﬁ Hél%}aﬁéﬂ 'éﬁ‘?@@nﬁ%lio ?%gﬁew%ﬁfa?ﬁ%n
mode had ng firsteershiosinducd saidoCorioliekergefidtiopein 8didchaian&PbaP! i S
deflections of said flow tube is slightly above the frequency of the

periiodic Coriolis deflections of said flow tube; Coriolis |ike deflections

are induced in saigd b : i in._r.esponse to the
Cori 0118 dof | oct ons arReBrBRf (Bricker OF fin SEIURREY chidahigRB Beteiotr
sai d bal anc&568r 25@W)ifaylomrezingetive rasoment fafqueadp sf asidtineudeerheds 6 ibration of

Coriolis def] ] f said flow tube and, representjing a vibration node
for which tﬁgﬁf%é'gﬁg%gaf foead@h@amr%éﬂ‘@teb@%&%m é’r”‘fﬁgfeguiegﬁy.l-y above the
frequency of said periodic Coriolis deflections of said flow tube, said

Coriolis like deflections of said bal ance bar being in phase with said
Cori ol i s periodi é/def T8&tForiglivflowmeater pbwiaimb2s arieravsaid mearsiorildweiing

proporti onahab@yi [ fein@di C riolis forces 2Q on sajd .
U brating 1 Fonrns AoRER mAeE(Atad ooy A rahebLRob ol st sde sai
the Cori ol i Sodefi$ e defhectminssmiddcémpwséyh@xib@vbrﬁ@w(gogﬂéb@a)rcﬁ%%gaet%?éﬁéég
sai d peri od'bc Cplr 1olis d%s%ﬂl ops of said flow tube are generated wth
respect to S9af @' PRALMIZS ifnangMmameRl ¢fsaid Gegobs likedeflentioasce bar. 25
Anot her aspect is that said Coriolis |ike deflections are induced in said

bal ance bar by forces_indicative of said periodic Coriolis deflections
bei ng coupl ed 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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fromsaid flow tube through said brace bar to said bal ance bar. Another
aspect is that said Coriolis |like deflections are induced 4 | nce
bar by: 30 ends of said flow tube flexing in response to sdaﬁaéegg%r?gpg
Coriolis deflections to flex a first end of a brace bar neans; and a second
end of said brace bar neans flexing in response to said flexing of said
first end. 9 AVENDED SFEECoriolis flovhn elindspect. is that the
non- uni f or m Tass and stiffness dist %EW%&” %‘?%@ﬁ@‘ﬂ@ﬂ%%ﬁ‘%@”ééﬁd@?ms
bal ance bar @é@é‘@é’”gﬁﬁwf@ﬁn@ﬁnsesasxamb(ﬂﬁ}b?jm@mmﬁ@&rdeﬁ@drﬁ@ﬁﬁ:r?éfsir{g%aﬁﬁaﬂ/e
brace bar nqp%hqieg,,ﬁ | ower a resonant frequency of said Coriolis |ike

defl ections o a g’nce bar. 5 Anot her aspect conprises the step of |owering
t he resonant frequency of said Coriolis |like node of vibration of said

bal ance bar by the prqvision of at |east one flexible portion of said

bal ance bar toget¥er vien Gaieliprftawrsetar off claimr €8s ediersis sssia dbxibRapbripme
ot her porti @anffrisadigd oy ANOt her aspect conprises the step of
provi ding a vgﬁj in a{'eﬁégg@dﬁgc’?b portion of said bal ance bar. Another
aspect conprises the step of |Iowering the resonant frequency of said
Coriolis Iike rmgg of éi géatipn of said bal ance bar by the provision of
flexi bl e portions o pAglisfiewmgteraf glajgne? Jugher chnghisimgnlieags R5Eat

of said bal ggge) o' rddic i 8 i~k S kil vibration. 15 Anot her

aspect is that .)the ar.raﬁ?eng%t?{%cgbés%8&1‘“‘5%&%&%@%7?& Pﬁﬂegeawcw%ﬁeﬁw@w ng
f1 ow t ube aftisgdirdurachmode shvibaation otgdi¢tajamceaiag, br ace bar neans. Anot her
aspect conprises providing stiff sections of said balance bar and flexible

sections of said bal ance bar not conprising a stiff section. Another aspect ;

)

is that said drig4 noWRe CuFRl i I ngli and .20 wherein said
Coriolis Iike mode of vty atil%ﬁ@ﬁggirﬁtbcg@ng%qg%ﬁ@rgg%m@gg Means GRS,

bendi ng nmode>@: 29842809 .250¢) tsaconcentriting ths piettiveding 568ail9)dadi Gk flow

center porty el .bar. and a, flexible portion on each side of
said cent ermg%rﬂdo%égﬁa@c%rﬁl'gﬁéﬁépePéfget her. with the provision of
i ncreased mass on each side of .said center portion. 25 Another aspect

conprises providing f l,(]ax'ébl,e,porti,ons of sai d bal ance bar at |ocations of
hi gh bendi ng monht of NYEPHOlsH|oxwBeteanaf claimB4 wheesin saidimesn it r tarehiratisg of

hi gh vi br atdamgriscyirt mitRoid 2849, 5868/6h RERFbAANIR Y APhDSEASRes!

ConDr ] 565, . . . 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
b 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 pertion (2615) and a balance bar (2603) having a curved portion (261 1).

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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a . Coriolis flowreter having a flow tube adapted to receive a flow of 30
material; a balance bar oriented substantially parallel t i ube;
brace bar nmeans coupling said bal ance bar to said flow tugge;ﬁgli%-'ﬂ%%ﬁ&D
SHEET 4 9 Decenber 2002 driver nmeans arranged to vibrate said flow tube
and sai d bal ance gar hn phase opposition in a drive node having a frequency
substantial |y eqfft td"eh&§tBedRhstaim byheisy tha stepefiaduaingisald Coralist likew
tube and sai h [ di IOk . ti wi.l 1. be
nduced at S v fr, sahdeBhr BRI e Rles bl T tind S dincer el i
material is deflestiong tohindugé siaid irshicdd peodendf eibEdioindhaving ef leeohamnbe ety
characteri zeﬁ%ﬁ% {'eg%iggﬁ.vof defl ections as well as nodes having no

def | ecti on; PAE 8'% fgcff?q’rt?nccﬁe velocity of said flow tube for
generating signals representing said periodic Coriolis deflections of said
fl ow tube; and 10 neans for deriving material flow information in response
of generation of 43ai d T8RgREINSd ehelaiae il avherein the stepof sedutingbaiddorudis Ikas a

t t el ; i i f di i J I th

Tengt h of SatHEens R sapleHanbR R IRARC e Shor HIRAP e T s ke dp e isnce
bar in a vi b said dalanckebhawithgsaid Cdriots Sikereefioatieis asfimegias inguddirmpari gidi c
Coriolis def]ecti oniﬁof ss]-li d flow tube is below the frequency of the

peri odi ¢ CoViPGRAN k$Fdbaansce bar hawing a resenamb &equprerklsyectiaritiesraquancy

def | ect 5ons gpivhichid neWagHe idvdRitd bal ance bar at the drive frequency in
response to said Coriolis de ?ecﬁtgﬁ’s of said flow tube, said Coriolis |ike

defil ections of said baidnCoribls likavieigctires baing putroérphafseneile sais Gdlis
periodi ¢ Corl gl i.s .20 ctions of said flow tuhe and representing said

D brat 1 on nBREBPSM SN fik RS Y RE o AnelUgk rEdberiohe idee maanitads

bel ow t he f bty Cotiofi idtcBs bnQsi@ vispatind| fictky ARk VAR iaisidfiosal d 1 ow
tube, said Coriolis |ike deflections of said bal ance bar being out of phase

with said periodic Cori.olis deflections of said flow tube and having an
anpl i tude proporjsona . i fi.:0ekk odi ri.9lis forces of. .25
said vibrating f %w t_-Itlj-géeQ-’\V\(A;rrtﬁ'srnaé'elrh 'F%qeq‘fl%cl)a\lfv& %dr)l&msei?ﬁog?'éﬂ?a%iﬂir'ﬂg?ﬂﬁg
neans gener Godslisségfteciiogrialsaid balaasebat ogmpaseb:peri odic Coriolis

deflections of said flowt ith reference to sajd out of phase Coriolis
li ke deflections of srgaeansi?ﬁq%&?osmuqnse %’W‘Sé&‘fﬁéi?gﬁeﬁaorﬂ%@ sipbriange ber

sai d gener ajvellsSiHDBHIS IR dONSEthA @%H%tanqmé&ﬁéd@o&??ﬂaﬂgﬁ B {Ai&’mﬁbgé

having: a flow tube adapted to receive & flow of mater ance
ori ent el subatRAVnNGRIrgserantIfrequancy dawer thanine freeuennysateviich sadiosy iwbepsi ng
sai d bal ancg,paLqto said flow tube; 11

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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AMENDED SHEET 9 Decenber 2002 drive nmeans arranged to vibrate said flow
t.ube and sai d bal ance bar in phase opposition in a drive nope havig&mg
frequency substantially equal to the resonant frequency of ﬁ&eW%Yr 1-al
filled flow tube and said bal ance bar such that periodic Coriolis
defl ections will be induced at said drive frequency in said vibrating 5
flow tube when said nmaterial is flowng through it, said periodic Coriolis
defl ecti ons bei ng characterized by regi? of deflection as well as nodes
havi ng no defl ection; neans for generatiﬂéjsignals representing said
periodic Coriolis deflections of said flow tube; and neans for deriving
material flow information in response to 10 generation of said signals;
characterized in that said bal ance bar has a structure providing a
non-uni form mass and stiffness distribution along the I ength of said
bal ance bar such that the resonant frequency of said balance bar in a
vi bration node having tﬂf IR nunber of nodes as the periodic Coriolis
defl ections of said flo ﬂ be''is 15 slightly above the frequency of the
periodic Coriolis deflecti®ns of said.flow tube) ereby Cerlidlis |ike
defl ections will be iqagceu in said BBBagce bar atbuhbadrd ve frequency in
response to the Cori ol @ S 2 d Coriolis like
=t~ of nodes as the
He and said Coriolis |ike
@ for whiclfidie resonant

bubet he frﬁguency of said

ib@ﬁky

ol f.

frequency of said bal ance pa
periodic Coriolis deTIeC[iEHb of

defl ections of said bal anc béVbb;Eh;<}n22;LugcﬁjFh\zagar;g%§§§§£§§?B£§LLS
G ¥ h

cald
AT OF

deflections of said flow tube and having a nplitud r opor

magni t ude of periodic Coriblis forces on said vibrating f1ow t\{f

material flow .25 and greater than the ang%' dg of the Coriolis deflections
of said flow tube; and said signal gener kﬁg aeans generates signals
representing the conbination of the pegpgﬂbﬁléﬁzgolis defl ecti ons of said
flow tube and the Coriolis |like deflections of.'Said bal ance bar. Anot her
aspect is that said nmeans for vibrating couples forces indicative of 30
said periodic Coriolis deflections fromsaid flow tube through said brace
bar means to said bal ance bar to induce said Coriolis |ike deflections in
sai d bal ance bar. Another aspect is t said Coriolis periodic deflections
in said flow tube cause: 12 AMENDED S 9 Decenber 2002 flexing of ends

of said flow tube in esponze ﬂo zaiw peri di% C@ri lis deflections to flex
a first end of said/brad ; f fexiyngYof Ya ec%nd end of said brace

bar in response to [sai d¢kl exi ng— = FLOW V 202

FIG. 2

—

-
W 201

)




of+said first end to induce said Coriolis |like deflections in said bal ance
har. 5 Anot her aspect conprises added nass in regions of hi Vi honal
anplitude in said Coriolis |ike deflections and fl exible Egorgg?%ﬁtgérﬁobgai d
bal ance bar at |ocations of high bending nonent of said Coriolis like

defl ections. Another aspect is that said drive node conprises a first :
bendi ng node and wherein said i nduced node of vibration of said bal ance bar
conprises a second 10 bendi ng node. Anot her aspect conprises a rigid center
portion and an added mass on each side of 24H0d rigid center portion.

Anot her aspect conprises flexible portions of said balance bar at |ocations
on either side of said rigid center portion. 15 Another aspect conprises a
void in said center portion for raising said drive frequency. Another
aspect is that said flexible portion conprises bellows. Another aspect is
that the non-3g8 form mass sd stiffness disfribution along the |engthgzph
sai d bal ance (bar reduceg the el icity of s$aid balance bar and the 2

frequency of \sai ¢7sago djbqnd r%;ﬂ?df quvL)Dation of sgRrd b&aC

Anot her aspect_cpnprizes—stifitfeabets—er—sal-d—balanrce—bar_and 3
menbers on each oﬁ%reﬁ—e#—?ﬁyd—baLgﬁce_bar not conprising a stiff +ns
Anot her aspect i s\t hat taﬁ¥ﬁ rangenment is s ch*tHat@tHe Wipr tiPnaI
node of at least oné flo be and balance\éar are located in said

bar. 25 Anot her aspect conprises a substantitally straight flow tube and a
substantial ly straight bal ance bar. Another aspect conprises a flow tube

havi ng a curved portion and a bal ance b viyg a curved portion. Anot her
aspect is that said i nduced node of vibration conprises the second 30
bendi ng node of said bal ance bar. 9 211 AMENDED SHEET t,oLudiveur~, o~ ~

9 Decenber 2002 Description of the Drawi ngs The above and ot her advantages
of the features of the invention may be better understood from a readi ng of
the follow ng detail ed description thereof taking in conjunction with the
drawings in which; 5 Figure 1 is a vector diagramof a prior art single
tube Coriolis flowreter. Figure 2 discloses a rotating flow tube. Fi.gure 3
di scl oses. a vigP?ting flow tube. Figure 4 discloses the Coriolis forces
applied to the flow tube of Figsire 3~3B0gure -5 disclos the Coriolis
response of tihe flow tube of _Fi e/ 3. 10 Figure 6 gLs§ﬁ§§es a straight
tube Coriolis| fowret ' di;sclose"the Coriolmis.yi’ {onal
characteristi/c
invention. =~ \ -

— e G m—— —— —— a— — —
— e e e—— — -
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Fi.gures 9 and 10 di scl ose frequency response curves of the flowreter of the
present invention. 15 Figures 11 and 12 are vector diagr gle
tube Coriolis flowreter of the present invention. 1212 ANE%BE%F@#%&??OQ -
9 Decenber 2002 paths 2a2l1 and 2422 to neter el ectronics 242D which
processes the signals in the conventional' manner to generate output
tnformation pertaining to the flowwng material. This information is applied
to path 2424 and may include material density, material flowrate, etc. On
Figure 25) driver D, left sensor SL and rig8ft05 sensor SR each conprise the
coi |l /magnet pair with the magnets bei ng desi gnated M and attached to the
flow tube proximte the coil SL, p, and SR of each coil/nmagnet pair. . The
enbodi ment of Figure 26 is simlarly associated with an el ectronics el enent
(not shown) conparable to nmeter electronics 2420. The enbodi nent of . 10
Figure 20" simlarly has a driver D, a left sensor SL and a right sensor SR
(all not shown j in the V%@@/Of Figure 2B since the flow tube vibrates in a
pl ane transverse to the (p entation of l=tgura 26. In this view) only the

| eft nmagnet M associated\with sensor SL (nﬁ; shown) @pd the center magnet M
associated with driver Dj/(not shown) and t & ri ght - hand magnet M associ at ed
Wi th sensor SR (not shown
expressly under gtooditiha
description of
and alterations wthi = . .. ..
- AMENDED SHEET : e avi ng a

~Figure 25. It is to be
on |s not to be |ipyteet

f1ow t ube (2501; wvi ' [ v 3 i ghase with
respect to QLO det ect : | &Ci <3l égQals

5 15 y ¢ 2002 CLAI N§R2601
bal ance bar ( (2503 1.03) oNi ent ed substantlally parallel to sai@d/ flow tube,
and brace bar means((2502; 2602) coupling ¢ d bal ance bar to said flow
tube, said nmethod conpmiogi ng the steps of: flowing material through said
flow tube; each other in a drive node having a drive frequency
substantially equal to the resonant frqupggéogf the material filled flow
tube and sai d bal ance bar, whereby peri odi olis . deflections are

i nduced at said drive frequency in said vibrating flow tube as a result of
the.- fl ow of material through the vibrating flow tube, said periodic
Coriolis deflections being characterized by regions of deflection as well
as nodes having no deflection; representing said periodic Coriolis
deflections of said flow'tube; and deriving information regarding said
flowng material in response to the generation of said signals;

601




characterized in that said bal ance bar has a non-uni form mass and a 20
stiffness distribution along its length such that the resg cy of
sai d bal ance bar in a vibration node having the sane nunbe?e%kmﬁé%ggﬁgs t he
periodic Coriolis deflections of said flow tube is bel ow the frequency of
t-he periodic Coriolis deflections of said flow tube; Coriolis |like
defl ections are induced in said balance bar at the drive 25 30 frequency in
response to said Coriolis deflections of said flow tube, said Coriolis |ike
defl ections of said bal ance bar havi ng th4/iane nunber of nodes as the
periodic Coriolis deflections of said flow tube and representing said
vi bration node for which the resonant frequency of said bal ance bar is
bel ow t he frequency q§<said perijodiPiCori ol is defl ections of said flow
tube) said Coriolis I#&ke defl ecth ons of said bal ance bar being out of phase
with said periodic Cogiolis déffections of said flow tube and having an
anpl i tude proportionat to the gni tude of periodic Corggjis forces on said
vibrating flow tube th material flow, and dai d si gnats—representing said
periodic Coriolis den_ections3QL said flow tybe are generated with respect
to 30 AVENDED SHEES =< ..4°~f ~ uiu~or~. [j}~ ~ 9 Deceriber 2002 said out
of phase Coriolis BIg deflectipns of said 4Iance bar, thereby enhancing
the anplitude of sai disignals. pP. A method of loperatg a Coriolis
f | owret er havi ng a% &)w tube 22501; 2601 ) ance bar (1503; 2503;
26D3) oriented subStahtially pafallel to gaid flow tube, and brace bar
means (1502; 2502,—2662) couplipg said Ianqe bar to said flow tube, said
met hod. conprising the gteps of ;| 5 f ng mateni al through said fl ow tube;
vi brating said fl gw|tube and ance bgg 0 of \phase with respect to each
other in a drive e Having a|drive f auen¢y stpstantially equal to the
resonant frequency of<the materlial filled fl pw tube and sai d bal ance
whereby periodic _Cofiolis defldctions:are induced at } i equency
in said vibrati ng~to—ftTow tube as a result of_the j1ow of ‘materrar Through
the-vibrating flow tube, said periodi- CorigﬂPs de?J%ctiéhé)beiBgs .
characterized by regions of deflection as well as nodes having no :
defl ection; detecting the vel dRIVy FREQUENGY (HIRSY BEN@IN@OMgﬁf‘qu@bQEﬁéﬂ“a' S

A of—s-ai-d—f e; nd

| 4~ ow t 11
G

representing said periodic Corirotisdeftect+ons—of——satd
deriving 15 informati.on regardi ng 8k BENDOIG HODEERESONANT iFREQEBNONSE to the
generation of said signals; characterized in that said balance bar has a
non-uni form mass and stiffness distributigp algong its Iength such that the
resonant frequency of said bal ance bar iﬁSEC}j ation node having the sane
nunber of nodes as the periodic ,~20 ~ Coriolis deflections of said flow
tube is slightly above the frequency of the periodic Coriolis deflections
of said flow tube; Coriolis like deflections are induced in said bal ance
bari at the drive frequency in response to the Coriolis deflections of said
fd ow tube, said Coriolis like deflections of said bal ance bar having the

same nunber of nodesps. the periodic 1000 :
(=)

£

80— -

90 |

PHASE ANGLE
BETWEEN EXCITATION (CORIOLIS FOR

AND RESPONSE (BAL BAR AMPLITUD

DRIVE FREQUENCY
SECOND BENDING MODE FREQUENCY
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25‘fbriolis defl ections of said flow tube and representing a vibration node
f.or which the resonant frequency of said bal ance bar is sl4 t he
frequency of said periodic Coriolis deflections of said f|%§ﬁ§%ﬁ%§qgﬁ?d
Coriolis.like deflections of said bal ance bar being in phase with said
Coriolis periodic deflections of said flow tube and having an anplitude

proporti onal

to the magni tude of periodic Coriolis forces 31 AMENDED SHEET
9 Decenber 2002 30 on said vibrating f|0m1%g§5
greater than the anplitude of the Coriolis |

with material fl ow and
ections of said flow tube;

and said signals representing said periodic Coriolis deflections of said
fl ow tube are generated with respect to said in phase Coriolis |ike

defl ections of said bal ance bar.

3. The nmethod of claim 1 or

2 wherein said

Coriolis like deflections are induced in said balance bar (2503; 2603) by
forces indicative of said periodic Coriolis deflections being coupled from

said flow tube through said brace bar to said bal ance bar.
2 wherein said Coriolis like deflections are induced in said
ends 1@00sai d fl ow tube flexing in response to

claim1l1 or
bal ance bar (25083;

Riby :

4. The met hod of

said periodic Coriolisjdefiections To flex a firstl1&8d of a bF&ce bar neans
(2502; 2602); and 5 a second end of said Q% exing in
response to said flexing of said first e 03(91,91 'én 1 or 2
wher ei n the non-iyg1Qrim nass and iof along the | ength of

sai d bal ance bar (250
bal ance bar to said br
said Coriolis |ike def
2 further conprising t
Coriolis Like node of

o
ol

to |l gaer a resonant frequency of
ar~ 6. The rhjdtod of claim 1 or
e resonant f

ih requepcy1@ said
bal ance bar (2533;,ﬁ2gg) by the
e _bar

provi si on of at—teast|éRe - , on of said bala t ogetgrar
with the provision of increased,nass { ﬁiﬁ? 2604) on at |east oné ﬁz ?n
portion of said bal anqe bar.gg. The me of claim®6 further conpri ﬂ-
the step of providingja void thﬁr in at |east one portion of said bal ance
bar. 32 AMENDED SHEET| ~., ( uiuvvr~. 9 Decenber 2002 '
]
IMAGINARY 1200
_ 1204 ‘
1201\\\ 1206 | 1202
' \l\\l‘oe ™~ 5”6* .
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~ —= REAL
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by ~
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8. 'The method of claim1l or 2 wherein said nethod conprises the step of
l.owering the resonant frequency of said Coriolis |ike nod i ingn of
sai d bal ance bar by the provision of flexible portions (Zg%@;c%hgg§k9208;
2669) of said bal ance bar at |ocations of high bending nonment of said

bal ance bar in said 5 Coriolis |like node of vibration. 9. The nethod of
claim1 or 2 further wherein the arrangenent is such that the end nodes of
said vibrating flow tube (2501; 2601 ) and %ﬁﬁq bal ance bar (2503) are

| ocated in said brace bar neans (2502; 2602)" "10. The nmethod of claim9
conprising providing stiff sections (2511; 2506; 2611; 2606) of said

bal ance bar (2503; 2603) and erxibI? ctions (2508; 2509; 26d8; 2609) of
sai d bal ance bar not conprising a std section. 11. The net gof claim1l
or 2 wherein said drive node conprises a first bepai-ngOhode /and wherein
said Coriolis |ike node of vib#ftign alrd b [

bendi ng node of said baIgEEELEgg%/L . 1-further
conprising providing a ¢ ti 06; 2606) i ance bar and
ovi

a flexible porti on3Q2508~2509) o ach side df said ce r portion of said
bal ance bar together wth ion of increased mass O h_si de of
said center portion. 13. The nethod ‘of claim 11 further |conpri sing
provi ding flexible portiops (2508; %509; 2608;, 2609) of said bal ance bar at
| ocati ons of high bendingInD t, of 'said baladce bar and increased nass
(2504; 2505; 2608ENDINGS) “at llocabions of high vi br ati onal li{tude in said

second bendi ng nMAMENT4. A Cbr'olis'flaVne er coqpri§|ng: a YT oW T ube
fY mat,eriyal ;

(2501; 2601 ) adapted to receivye a filo a hal ance r (2503;
2603) oriented substantially parallel tg said'flow tube;! 33 Al D SHEET
", - ~. , u~uonr~, _ ....1302.7, 9 Dec¢nber 2002 (brace iar means (2502;
2602) coupling said bal ance bar to sai ¢1808w t ube; 1304 vér neans (D)
an-anged to vibrate said flow tube &nd said bal ance bar ;i n phase opposition
in a drive node having a frequency substantially equal Jo t he resonant
frequency of the material filled fldw tube andl said bal ance bar such 10.
that periodic Coriolis deflections will be induced at said drive frequency
in saidvibrating flow tube when sald materiaffis flowjjg through it) said
periodic Coriolis deflections being characterized by regi ons of deflections

as well as nodes having
FIG. 13
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no' defl ection; neans (SL, SR) for detecting the velocity of said flow tube
f.or 15 generating signals representing said periodic Cbrio#k%ﬁgsﬁ% ,ONs
of said flow tube; and neans (2420) for deriving nmateri al tion
in response of generation of said signals; characterized in that said '
bal ance bar (2503; 2603) has a structure 20 providing a non-uniform nmass
and stiffness distribution along the | ength of said bal ance bar such that

t he resonant frequency of said balance bar in a vibration node having the
sanme nunber of nodes asjspfhe perlodlc Cori&Mi0s deflections of said flow tube

is belowthe fre uency‘UT‘the1g@1 g Coriolis deflegthons of said flow

t ube, whereby 'Ims i 908 &; 363 il b#&W nduged i n said bal a{%z bar
at the 25 drive freq_ency in espo se to said Corigl¥is deflection ai

fl ow tube, said Corijofrs—t ? gdeHp K ing the
sane nunber of nodes ps t eri od| ¢oC tefl ecti &9 of daijd flow tube
and represent y5@ saildf vibration rnode /f or—w re-tresofart—Heguency of
sai d bal ance /bar is|bel ow t h#5@8 eedéncy of sai erisgdi c Coriglis

defl ecti ons pf id|filow tube, saig Coriolis |ike deflections|3D of said
bal ance bar bkegi g out] of phase mnth said BerIOdIC Cor1 ol 15 defjl gttipns of
said fl ow tube nawi-ng an armll ude pr oortuﬁnal to the magn] tu of
periodic Coriolis fe#ces “of said vﬂbratln flow|tube with materjal flow,

and said signal generating neans ($SL, SR). generates said signals
representing said periodic Corioli defl tionsllof said flow tube with
reference to 35 said out of phase CE’G §$| ke defl ections of said bal ance
bar, thereby enhancing the anplltud .sdind generated signals. 34 AVENDED
SHEET . , ~" ~ uiuobr~ "" . t r ~ 9 Decenber 2002 15. A Coriolis
fl owreter conprising: a flow tube (2501; 2601 ) adapted to receive a flow
of naterial; a bal ance bar (2503; §603) oriented substantially parallel to
said flow 'tube; 5 brace bar 2502; 2602) coupling said bal ance bar
to .said fl ow tube; dgh e netifd D) nst,oed MﬁTV|pg at e sald fl ow t ube-and
|n

sai d bal ance bar s& oppositioh in @ drive node_Ray n 3f requency
substantially1 | to the resonamt \f regiepcy pOf thE nater a fllleg b}
tube and said bal apce bar l;-"ﬂ @et) qrtitey for-alis~defl ecti g

be i nduced at said 7i be/when sai d

A frequen 2o
material is filow T ougt jald peilodlc or T o ons bei ng
characteri zedeQyy regions of deer tion ap well phs nodes haw~ag /no
def |l ection; ans ({SL, SR) for gederatlng signals representi sai d
periodic 15 riolijsjdeflections ¢f said flow tpybe; and neang (2420) for
deriving mat r' ation in response fo genera sai d
signals; charalterjzed in that saltbatahee—ba 03, 3
structure providi ngda nom—t ornﬂnass ahd stiffness S on al ong the
| ength of said 20 bal ance bar such 3 e—t-espnant frequency of said
bal ance ‘bar in a vibration node h2V|ng sane, nunber of nodes as the
periodic Coriolis deflections of said f¥bh/tubé1|s slightly above the

Coriolis like deflections will be i ed | sai d bal ance bar at the drive

frequency in response to the Coriolis deflections of said flow tube, said

25 Coriolis like deflections of said balance bar having the sanme nunber of

nodes as the periodic Coriolis deflections of said flow tube and said -

Coriolis Pike deflectlo a vi bration for which the
36% s gpbontl gﬁ%@e

frequency of the periodic Coriolis ﬁﬁ&éec ions of said flow tube, whereby

resonant freq i d t he frequency of
sai d periodic Cord e) saild CbrloI%s i ke

to the magnj qgol,lde d

with materi flo
deflectlon{i\ i



pfr-mt "t - i~ 0/056PC 9 Decenber 2002 and said signal generating means
(SL) SR) generates signals representing the conbination of L.l QK
Coriolis deflections of said flow tube 35 and the Cbriolisgﬁﬂﬁﬁgﬁg¢$@%fions
of said balance bar. 16. The Coriolis flowreter of claim14 or 15 wherein
said neans (D) for vibrating couples forces indicative of said periodic
Coriolis deflections fromsaid flow tube through said brace bar neans to
sai d bal ance bar to induce said CbrioliﬁyHike defl ections in‘said bal ance
bar. 17. The Coriolis flowreter of clai 19 or 15 wherein said Coriolis
periodic deflections in said flow tube cause: flexing of ends of said flow
tube in response to said periodic Coriolis deflections to flex a first end
of said brace bar; and 5 flexing of a second end of said brace bar in
response to said f| edBA§ of said first end to induce said Coriolis |ike
defl ections in said bal ance bar1§é€ T8@6 Coy i ot T B%/| ov gbgr of claim 14 or

15 conpri si ngqgddedNmass (2504, 2604, 1802
vi brational anplitud& {n said Coripkrs '

portions (2505; 2508;\ 2 —2€ ; of high
bendi ng nmonent of said LG~

fl owreter of claim 14 g conprise rst
bendi ng node .and wher ¢ . At i oiPRf sai df blal ance bar
conprises a seco pede.  20. The Corjolis flowre ¢l jad 9

conprising a rigiQ

(2506; 24eg%9) and an added
3 said ri —center_portion - :
Coriolis flowreter of claim 20 conprising tlexible portions (2508, 2509;

2608; z609) of ~sai d bal ance bar at Iocat'lgé on either side of said rigid

portion

center portion. 36 AMENDED SHEET . JlI .\161__ . .. . 9 Decenber

2002 22. The Coriolis flowreter of claim conprising a void (2507; 2607)

in said center portion for raising said drive freguency. 23, The Coriolis

fl owreter of cl.aim 20 wherein said flexible portion conprises bellows

(1808; 1809). 24. The Coriolis flowreter of claim22 wherein the.

non-uni form nAss and stiffness distribution along the |length of said

bal ance bar reduces . the elasticity of saHgg?alance bar and the frequency of
1505

sai d second q%BgLng\nDde1gb3va&ation o d bal ancejbgq . _ :
_ A ) 1502
' AL - l: 1511

' 1504 | |
1503 1505
1502 ~__,,,,/:jl// N 1503 /,.1502
1511 1511
L -
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FIG. 20



25" The Coriolis flowreter of claim 14 or 15 conprising stiff menbers
(2511 2506; 2611; 2606) on said bal ance bar and fl exible %%§ K%RQS;
2509; 2608; 2609) on each portion of said bal ance bar not F a
stiff menber. 26. The Coriolis flowreter of claim14 or 15 wherein the
arrangenment is such that the vibrational end node of at |east one flow tube
and bal ance bar are located in said brace bar. 27. The Coriolis flowreter
of claim 14 or 15 conprising a substantially straight flow tube (2501 ) and
a substantially straight balance bar (2508)1.028. The Coriolis flowreter of
claim 14 or 15 conprising a flow tube (260'1) having a curved portion
(2615) and a bal ance bar (2603) having a curved portion (2611 ). 29. The
Coriolis flowreter18082gl ai m 14 or 15 wherein said i nduced node of vibration
conprises the second ﬁgnding node o ai d bal ance bar. 37 ANVHNDEDNSHEET
JACAFLCA T ANS A AN, L An, AY, . Af . AL AN ,!@A.A,,.A.AI,.A.AS@A[.AaQS!.AS.A@
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0 O Priority
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Drawings, sheets:
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2. The amendments have resulted in the cancellation of:
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0 the claims, Nos.:
[d the drawings, sheets:

3. [0 This report has been established as if (some of) the amendments had not been made, since they have been
considered to go beyond the disclosure as filed (Rule 70.2(c)):

4. Additional observations, if necessary:
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Novelty (N) Yes: Claims 1-29
No: Claims

Inventive step (IS) Yes: Claims 1-29
No: Claims

Industrial applicability (IA)  Yes: Claims 1-29
No: Claims

2. Citations and explanations

see separate sheet

VII. Certain defects in the international application

The following defects in the form or contents of the international application have been noted:

see separate sheet

VIil. Certain observations on the international application

The following observations on the clarity of the claims, description, and drawings or on the question whether the
claims are fully supported by the description, are made:

see separate sheet

Form PCT/IPEA/409 (Boxes I-VIII, Sheet 2) (January 1994)



y YA0% ()- @ALO%E ()- @" 10%&' ()- eWN XgXXXYdEYNC  *109%&' () -

@, 10% ()- @F" 109 ()- @ %" 109%& () - f #3%0%& () - 9 December 2002
@" 1 10% ()- Y YuYYZnZZdEYNC 0% (- L 1006 ()

y3LO% ) i@ 7. , L mé\?' 10%%. ( temggona) apgfigation No. PCT/US99/11774
100& () SSATHISTIO REPD iz,- =P Bfép Ef[[[Q\\]dBnbC

I Sf 3" 109&' () - F9109&' ()-S, 3" 10%& ()- nl0%& () - . .
f 109%& () - LEr%LO%&' ()-1A __ aBmbC  s10%& ()- mLO%& ()- L10% ()- S10% ()-
@" 10%&'Re HeREYOYR' ()-"j ~ aaGhaBnbC 3+10%& ()- ) 10%&k ()-!5y$$10%e& ()-

o9& - Y ' - "109& ()~ Ghhbb .ct ccdEnPC . .
t am ove 1SR e mereindey R BREERifh Fagashio novelty, inventive step or
109& () indgstrigl@rplicabilite citanmman)i-m&a(ibnslﬂjﬁﬁortin% such statement
10&<10%& ()- @3"10% ()- 9610%& ()-;ddddGe] eedEbC 3 10%&Z& ()-
10928 ()- YY_"109%8& ()- 3 109%Z& ()- |3@0%& ()-1"100%& ()- eef fffgdEbC 3
@aovzs () - yTigopdovinadaayment is-refermarte in)thss report:
10928 () - YLSHQIZER-ADEwaEidxhhdELC 3

2. Novelty and inventive step

D1 describes the a Coriolis flowmeter having the same basic construction as that of the
present application. Figure 1 shows the arrangement with a concentric balance bar,
and figure 6 that with a parallel mounted balance bar. In both cases, the balance bar
has a centrally mounted weight, for equalising the natural frequencies of the flow tube
and balance bar. Although there is no specific statement to this effect, in such a
structure, there must be some communication of vibration from the Coriolis flow tube to
the balance bar through the brace bars so as to induce vibrations in the balance bar.
The present invention seeks to provide an improved meter with enhanced sensitivity.
This is achieved in two main embodiments both of which involve the use of a balance
bar having a non-uniform mass and stifiness distribution along its length. In the

-embodiment of figure 7 (Claims 1 and 14) the arrangement is such that the resonant
frequency of the balance bar is below that of the Coriolis deflections of the flow tube,
whereas in the embodiment of fig. 8 ( Claims 2 and 15), the balance bar frequency is
above that of the Coriolis defections of the flow tube. This has an effect on the coriolis

' vibrations of the flow tube.

In D1, the structure of employing a balance weight on the balance member to equalise
the natural frequencies does not seem to read onto the defintions in claims 1,2, 14 and
15, such that these claims are novel, nor is the idea of a different frequency implied in
D1, so that the claims seem to be novel and inventive.

Re ltem VI
Certain defects in the international application

1. The abbreviation EPO at page 2, line 20 is incorrect.
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3.‘Tﬁelg?/gt§‘r'n(e)n't OY%R/Oe/dnﬁér(:)a't page 7, line 24 and and page 8, line 24, should not
refer to "apparatus".

2. The word "aspect" should not have been used in the passages between page 9,
line 25 and page 10, line 24, and between page 12, line 29 and page 123, line 30. The
word "modification" could have been used.

3. Page 29, last paragragh should have made clear that the claims define the scope of
the invention.
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non-phase shifted balance bar. The flow tube and balance bar velocities at each
velocity sensor may be represented by velocity vectors having phase angle and
amplitude. The relative velocity (and voltage out of each velocity sensor) can be
determined by adding the two velocity vectors. The flow tube velocity vector has a

~ phase shift due to material flow. The balance bar velocity vector has zero phase

15

20

25

shift. Adding these vectors gives the net phase shift with flow of the velocity
sensor. The net phase shift and output voltage of each velocity sensor is reduced
by the non-phase shifted balance bar. This net phase shift reduction equates to a
reduction in the ﬂow sensitivity of the flowmeter. The reduction in flowmeter
sensitivity due to the zero phase shift of the balance bar combined with the
reduction in sensitivity due to the larger (single) flow tube diameter results ina
cofnbined flowmeter sensitivity so low as to impair the accuracy and commercial
acceptance of single tube flowmeters for some applications. ,
EPO 831,306A1 disclbses a cdnventiona! Coriolis flowmeter having a single
flow tube surrounded by a concentric balance bar. The balance bar is a cylindrical
member having a uniform mass and stiffness distribution except for a weight in the
axial center of the balance bar. The enly purpose of the weight is to lower the
resonant frequency of the balance bar in the drive mode. The weight is of no effect
in the second bending Coriolis mode since it is at a zero node of any possible
Coriolis response by the balance bar. However, the balance bar is vibrationally
inactive at its second bending mode frequency which is far higher than its first

bending mode drive frequency.

30

Solution
The above and other problems are solved and an advance in the art is
achieved by the present invention in accordance with which a method and
apparatus for a single tube Coriolis flowmeter is provided having a balance bar that
enhances and amplifies flowmeter sensitivity to material flow. Both in the present
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In the present invention, the balance bar's second vibration mode is excited
by the Coriolis mode of the flow tube. When the second bending mode is below
the drive frequency, the flow tube and the balance bar vibrate out of phase with
each other and the vibrating forces of the balance bar's second bending mode can

10 cancel the shaking effect of the Coriolis force on the flow tube. The amplitude of
the balance bar's second mode vibration increases as the Coriolis forces increase.
This maintains the same degree of balance for the flow tube over all flow rates,

In summary, the Coriolis flowmeter of the present invention includes a

balance bar whose physical characteristics permit it to have a second bending
15.  mode frequency that is lower than and near to its first bending mode (drive)

' frequency. This permits the balance bar to respond to the Coriolis deflections of
the flow tube by producing Coriolis like deflections of its own which are out of
phase with the Coriolis deflections of the flow tube. This out of phase relationship
between the Coriolis deflections of the flow tube and the Coriolis like deflections of

20  the balance bar provide an increased- net phase shift out of each velocity sensor
and, in turn, a sensitivity to flow comparable to that of a dual tube Coriolis
flowmeter. Furthermare, the balance bar of the present invention balances the
Coriolis forces as well as the first bending mode shaking forces.

An aspect of the invention is a method and apparatus for operating a

25  Coriolis flowmeter having a flow tube, a balance bar oriented substantially parallel
to said flow tube, and brace bar means 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

30  each other in a drive mode having a drive frequency substantially equal to the
resonant frequency of the material filled flow tube and said balance bar, whereby
periodic Coriolis deflections are induced at said drive frequency in said vibrating
flow tube as a result of the flow of material through the vibrating flow tube, said
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periodic Coriolis deﬂectlons of said flow tube, said Coriolis like deflections of said
balance bar being out of phase with said periodic Coriolis deflections of said flow
tube and having an amplitude proportio'nal to the magnitude of periodic Coriolis
20 forces on said vibrating flow tube with material flow; and said signals representing
~said periodic Coriolis deflections of said flow tube are generated with respect to
said out of phase Coriolis like deflections of said balance bar, thereby enhancing
the amplitude of said signals.
Another aspect is a method and apparatus for operating a Coriolis flowmeter
25 having a flow tube, a balance bar oriented substantially parallel to said flow tube,
and brace bar means 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
30  each other in a drive mode having a drive frequency substantially equal to the
resonant frequency of the material filled flow tube and said balance bar, whereby
periodic COI‘IOI!S deﬂectxons are induced at said drive frequency in said vibrating

flow tube as a result of the flow of material through the wbratmg flow tube, said
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10%8%& ( )Coriclii@&deflections of said flow tube is slightly above the frequency of the periodic

Coriolis deflections of said flow tube;

Coriolis Iike deflections are induced in said balance bar at the drive
frequency In response to the Coriolis deflections of said flow tube, said Coriolis like
deflections of said balance bar having the same number of nodes as the periodic

15.  Coriolis deflections of said flow tube and representing a vibration mode for which
' the resonant frequency of said balance bar is slightly above the frequency of said
periodic Coriolis deflections of said flow tube, said Coriolis like deflections of said
balance bar being in'phase with said Coriolis periodic deflections of said flow tube

and having an amplitude proportional to the magnitude of periodic Coriolis forces
20 on said vibrating flow tube with material flow and greater than the amplitude of the

Coriolis deflections of said flow tube;_

- and said signals representing said periodic Coriolis deflections of said
flow tube are generated with respect to said in phase Coriolis like deflections of
said balance bar. ‘

25 Another aspect is that said Coriolis like deflections are induced in said
balance bar by forces indicative of said periodic Coriolis deflections being coupled
from said flow tube through said brace bar to said balance bar.

Another aspect is that said Coriolis like deflections are induced in said
balance bar by:

30 ends of said flow tube flexing in response to said periodic Coriolis
deflections to flex a first end of a brace bar means; and

a second end of said brace bar means flexing in response to said
flexing of said first end.
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10  portion of said balance bar.

Another aspect comprises the step of lowering the resonant frequency of
said Coriolis like mode of vibration 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 Coriolis like mode of vibration.

15 Another aspect is that the arrangement is such that the end nodes of said
vibrating flow tube and said balance bar are located in said brace bar means.

Another aspect comprises providing' stiff sections of said balance bar and
flexible sections of said balance bar not comprising a stiff section.

Another aspect is that said drive mode comprises a first bending mode and

20  wherein said Coriolis like mode of vibration of said balance bar comprises a
second bending mode of said balance bar.

Another aspect comprises providing a center portion of said balance bar and
a flexible portion on each side of said center portion of said balance bar together
with the provision of increased mass on each side of said center portion.

25  Another aspect comprises providing flexible portions of said balance bar at
locations of high bending moment of said balance bar and increased mass at
locations of high vibrational amplitude in said second bending mode.

Another aspect comprises:

a Coriolis flowmeter having a flow tube adapted to receive a flow of

30  material;

a balance bar oriented substantially paralle! to said flow tube:
brace bar means coupling said balance bar to said flow tube;
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generation of said signals;
characterized in that said balance bar has a structure providing a
non-uniform mass and stiffness distribution along the length of said balance bar
such that the resonant frequency of said balance bar in a vibration mode having -
15, the same number of nodes as the periodic Coriolis deflections of said flow tube is
" below the frequency of the periodic Coriolis deflections of said flow tube, wheréby
Coriolis like deflections will be induced in said balance bar at the drive frequency in
respohse to said Coriolis deflections of said flow tube, said Coriolis like deflections
of said balance bar having the same number of nodes as the periodic Coriolis
20  deflections of said flow tube and representing said vibration mode for which the
resonant frequency of said balance bar is below the frequency of said periodic
Coriolis deflections of said flow tube, said Coriolis like deflections of said balance
bar being out of phase with said periodic Coriolis deflections of said flow tube and
having an amplitude proportional to the magnitude of periodic Coriolis forces of
25  said vibrating flow tube with material flow;
and said signal generating means generates said signals
representing said periodic Coriolis deflections of said flow tube with reference to
said out of phase Coriolis like deflections of said balance bar, thereby enhancing
the amplitude of said generated signals.
30 Another aspect comprises a Coriolis flowmeter having:
a flow tube adapted to receive a flow of material;
a balance bar oriented substantially parallel to said flow tube;
brace bar means coupling said balance bar to said flow tube:
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whereby Coriolis like deflections will be induced in said balance bar at the drive
frequency in response to the Coriolis deflections of said flow tube, said Coriolis like
deflections of said balance bar having the same number of nodes as the periodic
Coriolis deflections of said flow tube and said Coriolis like deflections representing

20 a vibration mode for which the resonant frequency of said balance bar is slightly
above the frequency of said periodic Coriolis deflections of said flow tube, said
Coriolis like deflections of said balance bar being in phase with said periodic
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

25 and greater than the amplitude of the Coriolis deflections of said flow tube;

' and said signal generating means generates signals representing the
combination of the periodic Coriolis deflections of said flow tube and the Coriolis
like deflections of said balance bar.

Another aspect is that said means for vibrating couples forces indicative of

30 - said periodic Coriolis deflections from said flow tube through said brace bar means
to said balance bar to induce said Coriolis like deflections in said balance bar.

Another aSpeét is that said Coriolis periodic deflections in said flow tube
cause:
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10  bending mode.

Another aspect comprises a rigid center portion and an added mass on
each side of said rigid center portion.
Another aspect comprises flexible portions of said balance bar at locations
on either side of said rigid center portion.
18 Another aspect comprises a void in said center portion for raising said drive
| frequency.
’ Another aspect is that said flexible portion comprises bellows.
Another aspect is that the non-uniform mass and stiffness distribution along
the length of said balance bar reduces the elasticity of said balance bar and the
20  frequency of said second bending mbde of vibration of said balance bar.
Another aspect comprises stiff members on said balance bar and flexible
members on each portion of said balance bar not comprising a stiff member.
Another aspect is that the arrangement is such that the vibrational end node
of at least one flow tube and balance bar are located in said brace bar.
25 Another aspect comprises a substantially straight flow tube and a
substantially straight balance bar.
Another aspect comprises a flow tube having a curved portion and a
balance bar having a curved portion.
Another'aspect is that said induced mode of vibration comprises the second
30  bending mode of said balance bar.
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LO10% & () - 8. The method of claim 1 or 2 further comprising the step of lowering the
resonant frequency of said Coriolis like mode of vibration of said balance bar
(2503; 2603) by the provision of at least one flexible portion of said balance bar
together with the provision of increased mass (2504; 2604) on at least one other

5 portion of said balance bar.

7. The method of claim 6 further comprising the step of providing a void
(2507) in at least one portion of said balance bar.
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comprises a second bending mode of said balance bar.

12.  The method of claim 11.further comprising providing a center portion
(2506; 2606) 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 increased
mass on each side of said center portion.

13. The method of claim 11 further comprising,providin‘g flexible portions
(2508; 2509; 2608; 2609) of said balance bar at locations of high bending moment
of said balance bar and increased mass (2504; 2505; 2604; 2605) at locations of

high vibrational amplitude in said second bending mode.

14. A Coriolis flowmeter comprising:
a flow tube (2501; 2601) adapted to receive a flow of material;
a balance bar (2503; 2603) oriented substantially parallel to said flow
tube;
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LsMB109% & ()- LL! 10%a¥aélerized s thatQUikbalance bar (2503; 2603) has a structure
20  providing a non-uniform mass and stiffness distribution along the length of said
balance bar such that the resonant frequency of said balance bar in a vibration
mode having the same number of nodes as the periodic Coriolis deflections of said
flow tube is below the frequency of the periodic Coriolis deflections of said flow
tube, whereby Corjolis like deflections will be induced in said balance bar at the
25  drive frequency in response to said Coriolis deflections of said flow tube, said
Coriolis like deflections of said balance Bar having the same number of nodes as
the periodic Coriolis deflections of said flow tube and representing said vibration
mode for which the resonant frequency of said balance bar is below the frequency |
of said periodic Coriolis deflections of said flow tube, said Coriolis like deflections
30  of said balance bar being out of phase with said periodic Coriolis deflections of said
flow tube and having an amplitude proporﬁonal to the magnitude of periodic
Coriolis forces of said vibrating flow tube with material flow;
and said signal generating means (SL, SR) generates said signals
representing said periodic Coriolis deflections of said flow tube with reference to
35  said out of phase Coriolis like deflections of said balance bar, thereby enhancing
the amplitude of said generated signals.
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15  Coriolis deflections of said flow tube; and
' means (2420) for deriving material flow information in response to
generation of said signals; ”

characterized in that said balance bar (2503; 2603) has a structure

providing a non-uniform mass and stiffness distribution along the length of said

20  balance bar such that the resonant frequency of said balance bar in a vibration
mode having the same number of nodes as the periodic Coriolis deflections of said
flow tube is slightly above the frequency of the periodic Coriolis deflections of said
flow tube, whereby Coriolis like deflections will be induced in said balance bar at
the drive frequency in response to the Coriolis deflections of said flow tube, said

25  Coriolis like deflections of said balance bar having the same number of nodes as
the periodic Coriolis deflections of said flow tube and said Coriolis like deflections
representing a vibration mode for which the resonant frequency of said balance bar
is slightly above the frequency of said periodic Coriolis deflections of said flow tube,
_said Coriolis like deflections of said balance bar being in phase with said periodic

30  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

and greater than the amplitude of the Coriolis deflections of said flow tube;
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(2504; 2505; 2604; 2605) in regions of hlgh vibrational amplitude in said Coriolis

like deflections-and flexible portions (2505; 2508; 2605; 2606) of said balance bar
at locations of high bending moment of said Coriolis like deflections.

18.  The Coriolis flowmeter of claim 14 or 15 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.

20. The Coriolis flowmeter of claim 19 comprising a rigid center portion
(2506; 2606) and an added mass (2504; 2505; 2604; 2605) on each side of said
rigid center portion. |

21.  The Coriolis flowmeter of claim 20 comprising flexible portions (2508;
2509, 2608; 2609) of said balance bar at locations on either side of said rigid
center portion.
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25.  The Coriolis flowmeter of claim 14 or 15 comprising stiff members
(2511; 2506; 2611; 2608) on said balance bar and flexible members (2508; 2509;
2608; 2609) on each portion of said balance bar not comprising a stiff member.

26.  The Coriolis flowmeter of claim 14 or 15 wherein the arrangement is
such that the vibrational end node of at least one flow tube and balance bar are
located in said brace bar. |

27.  The Coriolis flowmeter of claim 14 or 15 comprising a substantially
straight flow tube (2501) and a substantially straight balance bar (2503).

28.  The Coriolis flowmeter of claim 14 or 15 comprising a flow tube
(2601) having a curved portion (2615) and a balance bar (2603) having a curved

portion (2611).

29.  The Coriolis flowmeter of claim 14 or 15 wherein said induced mode
of vibration comprises the second bending mode of said balance bar.
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