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~ Apparatus for a Coriolis Flo ’
| ndependént of NMaterial Densit he invention 5 Thj s | ion
rel ates t¥OP%21Rod and appar at us *f@ss*a si ngl e tube Cori ol igéﬁjgm%@r and
“in particular, to nmethod and apparatus for a Coriolis flowreter having a
fl ow cal i brati orMetiscband AppargtustspreGoriolisdfloninetardiavieagsits Flowr obl em

Single tube Coriolis i t imnate the 10
expense and the pl ugg%%@%ﬁ)ﬁ Eﬁg{ogihq&?%%vﬁ@pﬁW%g&ﬁr@nﬁgéﬁﬁg of dual tube
Coriolis flowreters. Prior art single tube Coriolis flownreters have a

di sadvantage in that as the density of the neasured material changes, the
calibration or flow sensitivity &ieldrf thedayvertiaRges. It is desired that a
f | owmeger gener . t i i ,
regar d%ess of tﬁégd@\?\és}ﬂoﬁ %#QP%E& %mnhé;&?é:gﬂbla@%ﬁar%@%ﬁfﬁﬁ%ﬂﬁ@éé%?\%ﬁl%r
accur at el yflomtnetdrsarad ingsestiélilary to atethod addregppatatid foba/Conniisdidwomnetermat eri al
having a specific gravjty . of 1.0 (water), it is desired that the nmeter
hocur ot ol yRSURBEIS PRI CaER S ESRANEE 0! FRRICERhEOREIYS 11 ow 1 at e
for material flows of other densitiesprfpfdigWwreter that has this capability
is said to have a calibration factor that 1s 20 i ndependent of the density
of its materi al SinglawuberCarislissflowaktess ard desifable becaSsethey elininate ¢hei s

al so idto have a,gonstant flow sensitivity.in that it curately outputs
the sife’ nedeRrand GEahEghoaBHleREr ol iy furd yalftaidr of o g dordilis
Sensi ti vi t flowmkters. ¢aforaedsinglenube Curnedowafetéisiaiich alisdreianesie iMhat
velocity sensors of the flow neter divided by the mass flowrate s = [err]
where O egtifisdenstyofithe measypd materizlchangrs tthe cadibsrtian ok digvbsangtivithe
f I owret er | & : ; L ve a
flat cali b?fz}‘tﬂie\(l)m;\s’f'egccs%ﬁggg glggggl{éa&nﬁgft Iagfv(\)ﬁvsrg%{sé:'l??\?%@ ,e aat@gaéxépﬁgggl on has
to have a ioforsiaion, eatues moassailgw rateywagardiess df tireydemsigr obthedeatariay float
woul d_ provide, .for, exanple, an output of one mcrosecond of, i del for
211 0B ot £ 18 ieBiTR el pRiRLLSe srssalat re TaaRnd ot 1 Fadidéao
provi de anfop Meterk] héOing'azéﬁé@ﬁ@g&s/ity of e delAyr)f Ris debiréaiiAktRe PhetEPO

| bs/ m nut e WD 001 12970 14 February 2003 ~. . .. PCT/US99/ 1177 t

regar dl essaeguraleputput adaading of |19 lbinminetedes thensamereass dawi fate/fary is 0.1
m crosecon .y y\?%g :.d1avi ng the above characteristics would be
advant ageoﬁ(salt?qngl?ﬂﬁg[ts ?L}tdcﬂ\l}\gu @?‘?sﬂ‘i nate or mnimze the need for further
cal i bration or Adloyenstarithat.has thisovapetbdity ishemidjéo have al ¢dibaatiomfastorf thatvis

sensitjvity has traditionally been mnim.zed b e af SSi ve cqunter

bal antl melEPEnERENIARS ARSI ghEE BB Rte OB 8 calA RRar A e tiahge i n
sensi ti Vit flowielerderidd yailas Haee csHERa Jalveskiditivityan AhaCio BEQEat&P outputs

al gorithns based on the resonant frequency of the meter in its drive node.

The use of theeSAMe&nasg How eateaiesariessieithawensiyekthe materialdlow. aSensitivites in

preventing,dh :
Censi 11 vi £ Cofe e s BhlecB BRI LAY BARIoRs eV RLTp3f the
di sadvantage that it nust be calibrated uging terial of differing density
and it nusj be executed jn software. The pres@mt] i nvention elimpates the
need for ah?r‘ﬁﬁ?‘\‘r’édb’é‘f%éﬁt%maéﬁéloﬁv'@6‘?r &t gy | AMEURIA IRAYR)S Hhatim§ue

desi gn of the balance 15 bar. In order to{und tand this design, it is
first necessary to understand how traditional riolis flowneters operate.
In traditional dual tube Coriolis flowmeters, the flow tubes are vibrated
out of phase with each other. The dual flow tubes act as a counterbal ance
to each other to create a dynanmically bal anced structure. \elocity sensors
are | 8eat edifigrencirom theyalociysenssryolithe fiowmetenped Wheree ik eequals neasa i ve
vel ocity between the flow tubes. The velocity sensors are usually |ocated
equal di st HawdsteupEusdat ametgsimsaveartial ediaraten fasesor aicapsiant é.OWEach

{astencd t SOTRLVEE ATy Biedsich HRYDEha 7 5EREHN! PaB3el =PhrbHR TRl et
field prodpessrial depisitagét wdind wovide olodalkarmmpld, @ ®itpdbot bee wibioakcdgdfdfow

t ubes produces a si nusgi dal vo{)ta e in each sensor. Wien there is no
material f B 9eIR% T/ tlaydate pHIR inige (raasdiess of Brateral densityrnshwes!dy t h

each g_bhe][ 8r6@'ic§é‘aﬁﬁiﬁf5ti1tadf_1fd ﬂ%ro&é\f‘or\‘ﬂ Binad HQIQXH‘HPEEIOW F‘a&?}o?ﬁ@htlﬁg/nlﬂﬁuié‘e

Coriolis rce of the noving material to cause a phase erence between
the two sensor voltages. The mass flow rate is proportional to this phase
difference. It is 30 inportant to note that both flow tube i ed
equally (for an equal division of flow and each flow tubejmﬁmmmmmm@m
phase shift as the other at corresponding | ocations. The upstream sensor
magnet velocity has the sanme phase as the upstreamcoil velocity and both
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* The downstream sensor has a different phase than the upstream but agar?,n, C .
the coil aoenRetgube has the sanme phase as the magnet on the@indiesa17h9
determne the tinme delay, fit) the phase del ay between the two velocity
‘sensors is,.dj.vi i f i I Dyviding the 5
time del ayr aY(It”%ggr?g gtrté}gael(#;élnt\émi Ibsﬂjogﬁ\r/&éée%h@e bfég\%vpggé%ﬁ&iyn'sg'%gl e tube

f | owret er smi¢rosecord/ibt/mig Al flowinebs havirapthd ebdad eharedtdristias bauthbe bar

rat her than another flow tube. c;]/el-,’%citg sensor, rragnets (.or cc;itfs) .are

mount ed t o28YRIBGRRHRIB 1BY It #oUld §lipInate oneriBinize 158 &GS for Bithensa!ifadieni bed
above. Howevesmpehdapnaterial does not flow through the bal ance bar, it
does not 10 experience any Coriolis force or significant phase shift with
fl ow. Fhe vel ociFlgwretarahangeris catibrtios| artflore semsitivtyt had traditionaliyhbeemase

bal ance bafaTaE BF et A RIS BuprbAbERe S RRSR ohesi At i 55 "
vel oci ty vpglaee baes)i mhypieaseinipgadringedn aepkitivitd vithTdendig Hadd beervel oci ty

(and vol tage out of each velocity sensor) can be 15 determ ned by addi ng
the two vefoBpPeysatedyiuse afirorreginntalaerithasobassd oo resrran frerH8RCKAf 1 t
due to nat g l: : n I L r 19 A2 ift.
Addi ng the{:s?{eeI @éke{rérﬁ’gsgﬁgggp (t?%eg ﬁgf q%ﬁaésfghg'ﬁ%l%{ b\\ém%&f?%?v%o%eql ae vel§o e|S':l*tﬁ|y
sensoft0 Thim cost apiveadleassini greventindg theouseaf othelr ipegie rmianea@nhaetingifegtusensor

i duced by th -.ph hi f bal bar . Thi t. ph hi ft
oduct | on SEPE SPRSTVE Sacieg PAIRNGR ARG A chiretiee A BSTHR BRS i
f1 ownet er. disadidrrgyé tenal meshBb @alibRed LioWaEhaterial bh Biff@dCddriaity iaRdfil ow

sensitivity is a function of material density. One reason’is that as
materi al dBWSt by expawgedn spfiwae bl aeinsasemtpnventinn eliminateethecrsed i85 o | ow

tube and t > rq}ﬁcp N e ; I@% t he
nmet er bal aﬁ%g%@é%i%cﬁéﬁ%a Vi rgﬁ%gr?laggﬁ gﬁqrw@w%&e{@u%&@@tﬂ%%ﬁ engt hs
of th#5vel bai.tip ordet tor unddratagel. thindesign dhisdfirshnersd ssainato dadsistandclaases t he
fl ow tube vig.g.atilgg ar[.pl ht udetto decrease and the bal ance bar vibration
anpl i t ude HBORIRG!CAUOISTHOWMSIRES QRA™BIS 1y vectors for the flow tube

decrease in’l engtthadifichdl Ray AIRCChYoNLRONTRtER! tHdBoRaLIBES arddibrdtBg IoR@ee i N
| ength. Since the flow tube vel oci Lﬁ/ vectors have a phase shift due to
o]

materi al fPeRsIItALdch ptheya) Hie dupkiiow &éhas actas/e cRYRterbalaace hargel ofher

| ength res i | e R v, 1 rs and
a decreasewl élreégén%id? ﬁ%‘ﬁqﬁiﬂ gfd a{l]%e rre?g?gn\f\;e!:ﬁv?%@ t?%gbgg?eﬁeﬁs%%?%\ré?g\w

densi 29. Abcatioresalong tseflhwaubresdo sensé theheeletiemvelocily betwerrt fhat flovf tubdd. ow
rate of 10.pounds/m nute for water, but for i water 14 February 2003
0 001 1789 4 REH saskTe A7 Hi naRte rShel s lantRhdinstirem fo Tt e ¢ he
out put N ghdwhetredthfro?tn hepUbEES MTpoine, EQth 8eloeily densot YorEmte bf almagsét as
kerosi ne the neter outé)(t)Jt m ght be 10.1 pounds/ m nute._These three

di fferent fastrpaddeRnfydow tiebepndaeoibiastenasio thexiheat hefrelative motion of
pounds/ m n ; : r id L\ h e i 1 i
fensi ty) 5 el io REARLSRagaRICR BipraBhted b kil TSN IGITRbRNSL |
flat 2&li bthetvibnatihgdlowrtubes produced afsimisosdal siottage tiry eboh seasern i Whendhere
different densities. . The reason for this.i s that the flowreter has

i {1 oront ERRALETE) B8 MO TAEeSERTIE thEr Vel FE00 D ATl Ry
densities bagh biferS§Eh ARItEF fldvhe distatilg it aR Gktfifed BRSNS t he

fl ow senS|t|V|t%/ of single tube neters to 10 change wth naterial density.
One such rtsedAal the mpingimatasial ineausd aphasadgiiberanse bHatvaspithe twe sersorenel y

above  di sc QSRR T ESE RENERE S bRl o L5 Sl re RIS w Y ube and
t he babancinfmatara s notsthahdbtipoweabedalatiztorted sgualyn{fordn kguukdivisidreot wo

by way of the anplitude ratiq shift with material density. Wien the correct
15 anplitu %W)r%@%aﬁfa)ﬂowé#@&a%@ﬁm Phapeshitas dieatherad ForBPRONGIRY s

conserved [ [ %@gd' t &ﬁqﬁ}% e

vi brating %g??oﬁ] ?ﬁeeuplsgevsﬁu e. 'Ir'ﬁﬁ%&fegc‘}aé??o S |ﬁe %&;@eiﬁﬁg%?%éfg? of

t ransf er ri upstraars coil yelaciy anddvothiimyettbetsaend ahase aslihe vpftage gehemited by
material density) but it also changes the flow sensitivity. The sensitivity
i ncreases as the nodes nove in toward the pick off and 20 decreases as the
nodes nove outwards away fromthe pick ofd. There are also other |ess

under st ood causes of flow sensitivity shift with material density. The
cause, however, does not matter. The present invention can



negate the change in sensitivity by creating an additional equgraitary 2003
“opposite change in sensitivity so that the net change in sensitivity I"lys
el'imnat éd. 25 Sol ution The above and ot her problens are solved and an
‘advance iWQA%E82¥Pt is achieved by the present invention in XEIHWAREE with
whi ch a nmet hod and apparatus for a single tube Coriolis flowreter is

provi ded trevimagnat-bail aexsonyzair.t Tiae doassérephasensdri ids adifferentvehass than

that i ti l,, t teri fl te. 30 Furth t
bal ance b WeReT B OB ok 8oV BN SRS RREE AT ARaPB AN eERRITY | n

Al e e R B mas Pazss SeRgEHhbvh the IS e
to gpnm i t M@'@Cﬁhﬁﬁﬁséﬁdﬁg@i%@d ruthe Heve fregsiengy (ingrdiesssec).hBividingribe bar
becongs 4,. Y US99/ 11771 nore sensitive
toth Coplmc?llél%ggggiqﬁ%ﬁ?fglggge%m%\&e&%%v%ﬁ%ﬁB@%ﬁe'a precisely offsetting
rate so that thesingte tubsUldwrnsteas fthewiiatingtflo®t tube seentdrbalaeckd byed er i al

density. Both in the present invention as ll1.as in prior art single tube
Cor i ol 1 & EP%\MEP@F@*W%HQ‘%P%@@'BSW*P§edr\y\5@ﬁf36§§”§ﬁrebws\ﬂpfﬁ°‘ gt to
the flow H&mté&tétwﬁalgPE%fbaﬁstggg&g% dfare tRE s%gme leWP@%c'rinfiyp' cally

the resonant frequency o oth 't ance bar and the mate | ed flow
tube in thbové.r Howsyedi sigcerotdenid! damsnotiflowthironghtie balagce Harpié dGesinot i s

fl t t he bal . k ignd fi t t Coriqli

Forcdd andediarie SVGeeTBls 98 oPidMiear aneeaiant PN ke pl 6e dHORHvent  on
t he bal anggnée sepsdent alatvs OeloBay betwe&s BNgRase® shifed@Rw RlbeSad@tHeor ces
on the flow tube by bending in its second bending node. Wth material flow,

the vi br ahPAPheEEBwhiftastbalencedas. Therftoy bilaand balancghiarivelraiies af each

forces. T i i i 1 3{.5%; i r er in
anplit udebtglﬁg{t]y %{ﬁ%%& ?glb%sq% gg%ﬁetgtgﬁ %k?@g} n S/e?l*‘rf]cgrs ri veqa@i% ébféa%%{%l%saerg:cur at
t he resonantplifudsquEhne yelafive kelooity éandilvoltade edt 6f each vdleciyhsemsdrhearCoei ol i s
deflections, are 15 at a.fr ency .far fromt resonant freguenc f the
¥ ow 8o BBisPrinet g poBind FRIFRIAISly ial s RE Ry G oy fasbire
appl i ed bphhéeshiftouet materidldlowt. oThE®aldry Bﬁ%l@éiy\f&tm rEROpIRRGY as
the drive vibrations. The Coriolis force induced deflection of the flow

tube, howehiéls Addingthespvagipes giMapthanet Rease sbifidvitle lawrj theyelocitile second

bendi ng e SR I I L r than the
f requencggglﬁscgbpl I ca%tl %ﬂ%jgﬁﬁéfé? F’QF‘?‘IS‘ \@o?ég%?teﬁgh?rg#d\%ggreggggﬁcy) . Thus)
because t hedwEedityl the fan-pbasedbifted hldhee baonThisrmetathasefshiftjoedictiohar
renovged fromthe resopant frequency of.its de,shape (the second bendi ng),
the COTi OPﬂgaﬁeﬁgﬂ&@dg‘&%B& %ﬁo‘f’ﬁepﬁg'”}'(?w %ﬂ%wgfegervery nuch smal | er
than the drivefn iraditiond! sihglestubbéRMimetar®der rdaiitiest indisv sehsitigitpisla -
Coriolis 25 deflections in the second bendi ngam)de of the flow tube produce

t he phasefiwtia) damsiedal darsithvdOereasery issibatas matgral densityadsngrs etheo

mat eri al tan; %n,% t.d N, ' at its
ends to ttﬁg)?%{‘(fogw&?\&gg‘ y ?&gﬁwg%ngﬁgélgﬁpg %c{‘t‘é% F?%ﬁglﬁﬁé}% ﬁgﬁg%g?’\ati onal
f orces of otder tb lconseneembmerttembericikeep ties mdter palancedr Wt thesvibhetidnal ance
bar, J. ke th?%ow tube, has it? 3({ seg?nd ben ing nmode resonant, frequency
much 3% gh8fR" 0 NangeSpifienptBr ohihs ¥elpgtie YePrRghanee. coniingesse

def | ect i ofpmateridl @chsRiVchUbEs HeEHINRtYbE THrhtiGH Enflifite RidetrbasS4RANe f ar
renmoved fromthe bal ance bar second bending_resonant frequency, the forces
transmi t t balangetigs vikiptior @ mplituds tavngredsa. hehws.dbe viekaoity vestdrs far theiflpw

the seconfBoit Ra b oHh ehe ar aelaebr el A bt FERERC The
fl1 ow t ubeldragh.| Birfdecthecigve it velotinevéstorohase bgptees dhift dlibao bedterarfidar

has ngne. The esent invention involves shifting the frequency order of
the Wi oaggéh%agwﬁa%sw%mﬁpr@vwméh%&h?nw P lepgthpreselin @sderjease

Vi bration; i { i i J:hej requency
order. A GSBrar U Tun iR ane TRoR Yok oe'd d8EREFin Sehoking) SLA"C:

nodes mi nosetenwith the irfdresse imohatérial demsitpodesa (edult, seckeadadter Would davad has
three (at .the ends and in the cepnte The .thi.rd bendin has, four
nodes, et &" aﬁgupﬂe éﬁ%?tongrﬁﬂom rtaﬁa ?{1390 ﬁ@FHggq@HHt%%ﬁMgrungfmﬁ?it WtLent

i nvention, the second bendi ng node frequency of the balance bar is | owered
so that it is close to the first bendingzgnode (drive frequency) of both the
flow tube and the bal ance bar. The first bending (drive) node which has

| arge vibration anplitude in both the fl ow tube and the bal ance bar, fails
to excite the bal ance bar in the second bending 15 node because of the
difference in node shapes. In the first bendi ng node the defl ected shape of
t he bal ance bar (and flow tube) is such that the ends have no di spl acenent



bal ance bar (or flow tube) has positive displacenent while the4of r2@b63
" has negative displacenent. The result of the difference in node shape ,
t hat whi | ewblagnyd-ar ati on of the first bending node is putti ipgETamnabaysm nto
~one half of the balance 25 bar in the second bending node, it is taking an
equal amou(tigledr @emngy adtie séméHbmﬂdﬂelhmahlpuof‘mgﬁit&)dmhlg@c@pbamds/ffﬁnemtef ore
the net effect is t the secon endi n de i s not excit vi bration
[ the 110" BARGRT SRS EDa MR AR RToR D Begnater oriru Taakie Ty be

close. The @ﬁdigl'ﬂlﬁu%gf'h%éé ﬂ%@ﬁlf@@ﬂtffld%/"rééb@ﬁgéq ta{}ﬂ%r%ﬁ%tﬁ]@@ﬂv e bhe

-second 30 Bendl n In that the displacenent e flow tube has an
opposi t e sll@npoundsimh‘eMe didbechusdthef Mertmnwéymbangm with nitegal density,

Cori ol j f fth flow tu s abl e oeX|tet endi n
mode o5t ey EriatRd Bay aFe, hatbes b MRS ddksit Vs et RO HHEE "bar o
In the pr eRRMr oMySiEtantfiow Bensiftugdr hendiae o diffskéntrednsitRisy BDA480n for

001 12970 PCTNS99/ 11771 node resonant frequency of the bal ance bar is nade
cl ose to tHes tsrthadthe Bguwareier hanhea déff&fﬁﬂh'ﬂmérﬁ%?y betwegR|itgRanspEy f@econd

bendi ng mﬂ\%t@f?’alyb‘? cﬁ‘?%ﬂeﬂ Hénﬁﬁéé F&Hhﬁ@a@{% LGaf idWidybe becomes sufficient

to cause significant phase delay in the ance bar af its velocity sensor
| ocations. Thi sprae;arejetr‘@y r@mamdnrtﬁaeﬂdmlsansmvnaof dnglecalbe ometersdds to the

phase_del a betwee rres, ow t ube ions, and chapges flow
Densr i0vi 1 hangs BB At e HEGEROTOne Ruph Feasies el Pelaliion @ Fnak e
changes i nflé"ﬁ&r@télai's éiéféﬁhély dficlib® MRIMAINSURdWoRBBhS bf’HFfﬁénnbﬁ‘né‘t‘éﬁﬁldance
with a first enbodi nent of "the invention, the second bendi ng fode resonant

frequency @ensitye Hae @bowe siscussionefdhe change invamplitidasaty betwaaretheciiaw ow
tube and i 09| 806L iRl SNl (A0 ASL e, RIRENR AR sen ne

oscillator' s resonan r equenc e excl reque

oaci Ibl at ortwmgbngawa thle a]ham;alc:lbwaﬁ@shlﬁﬁmm mwemhlmpalqﬁrvehen ts carreessul t I

t he ance ssyne e et|on,t t is out o as teCor|0|s
e DE Dermatiuc I or BeEet S ante sl astie e tHam BB BAP 1L chRse vas! on
source for b* h%rﬁﬁﬁ’r‘?ﬂ‘i’e Pﬁaﬂbrﬁ‘%f Eﬂéjﬁodiés @ elendsdtitRg V%rﬂﬁfd Bt bPfHe Abwt he

fl ow tube, the vibration anR itude of the bal ance bar's second bendi ng node

def | ect i ontibiencFhiadecation shit Ossithe iefferbeiisansferring massfremubeifiou bibscto.
These out gl 6’51258??%1 é@baﬁmﬁﬁé ﬁ%&ér&“%aﬂ%@f *b%t t' él’rﬁérf‘gr%%’lﬂe% nd_bendi ng

mode defl ections © cé bar are a e and a velocity
sensor couséresitivity.t ikef Isemsxtnuuheunar&hslealastihe dmiestmomundowam thet piok offi amhl s

of 20 ncr ased phase,del ay (sensitjvit t of prior art

si ngl 8 tub ?f@@?gfslae,s deéﬁér'gvewbv %latv'é?ty%8¢ Pﬁ5 econd bendi ng node
of the bal ance traerd¥rd BRoAREPNIESS &Qfér@f’otdd%x.@fesbhﬁoW's@WsFthﬁshl& With
function of the separation between the excitation frequency (drive

f r equency) Materialiiensiyo e causeq howeyebidoesdai matiece The nsassentnnvqrglogve@aihd
bendi ng ”Dgg%gté\r}ﬁ rar{al(@%qggp%}élsﬁ‘gggﬁ?t&é’éhnr&eé#h& |br[11al% ﬁd BBEB‘&?& bar

second ben ven han oes” a | arger

frequency srgegaain sensifivity st thae tie aquﬁlmgec;hmemvw ts@lmﬁiaat@ds in materi al
density because the flow tube contains_the flowing material while the
bal an€8 bar's second bending resonant PPBBIRIhcy remains relatively

constant. 30 ThypetAnEAM 8iHe? r&%m% oldfvelf Ark cﬁarfx BEGIRACH ﬁe%rme

bal ance bar second resonant frequency c anges wth materi al enS|ty and
causes theadaéaadebyuafs'p:esei'ntsnven/cldmntamcomr@@rwm wbicbscinethatd amd of t he

ng\é\/i tn;bremtaépqc gg%%gq{\t’\é tﬁ{f\g&% précﬂ r}?o%e%\//:s_rzg&y s hba%/lr?gng %aPaanrcc=:sbasre‘t‘f’1(31{'l d
has a phase shift at its velocxty sensors that is proportional to material flow rate.
30  Furthermore the balance bar sensitivity to material flow changes with material
density in such a manner so as to cancel the flowmeter change in sensitivity. For
example, since the prior art flowmeter becomes less sensitive to flow due to

amplitude ratio change as material density increases, the balance bar becomes



14 February 2003 PCT/US99/1' 1771 ', r below the drive frequency, ¢l
“in material density cause the drive frequency to decrease and {%%éé?géerg?éﬁ%y

separation to decrease with a resultant increase in sensitivity of the
bal ance b¥OPY!2¥%k erial flow By property sizing the frequer’i’@?y"é%ﬁ/é?'gt‘i on,

"the increase in the bal.an bar's sensitivjtyV, W terial. density.can 5
reci vel s s ters et BB Sodbts selBlEn R b IhdE & RESis T RHRIE" o
vi brati on rampée tHidens abt reseas asowmeter eshtds irdenekive he nsgtedaddbesigi. ng nmode
frequency of the bal ance bar below the drive frequency is achi eved by a

physi cal " re- desiBfth ot theerasanhinventan as wegll asiel ritts arbsingld ibei Gfeln” of its
d sii . . .

. bar ance biPWEERS EBRRCR SATR YRR LAML! MRadt nARROcitct RO The BBWALRE R,

i npacts on thé érstdemithderdiendr reodeve frequemsyyis tieallyabs reesonaed fréqserdyt of e

i npact on the second bendin de fre ncy because, t he second bendi ng node
. has T i) GoRe BRRECRERr e aneieral feediaw LR hadey e e MG Ate bar
near the \RIACid Yriseas ndiPfid OBfoiisdwmbe iife baRne8 taRtakienslhpticant node
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The Coriolis deflection of the flow tube has the same shape as the second
30 bending mode in that the displacement of the flow tube has an opposite sign on
either side of the flow tube center point. Thus, the Coriolis deflection of the flow
tube is able to excite the second bending mode of the balance bar via the forces
transmitted through the brace bars. In the present invention, the second bending
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material f]ow densities; Another aspect includes the step of inducing
Coriolis IfoNEN@IEfS-ections in said bal ance bar with said i nduced node having

a resonant freqy&xithfiss of BE's8&MH bending mode of the balance bar by the
Coriolis deflection of the flow tube is a function of the separation between the

PC 1'/US99111771 Coriolis deflections of said flow tube to ingueapf,;di8003
d

excitation frequency (drive frequency) and the resonant frequency of the balance
25  barin its second bending mode. Small frequency separation results in greater
balance bar second bending vibration amplitude for a given flow rate than does a
larger frequency separation. The drive frequency changes with changes in
material density because the flow tube contains the flowing material while the
balance bar's second bending resonant frequency remains relatively constant.
30 Thus the separation between the drive frequency and the balance bar second
resonant frequency changes with material density and causes the balance bar's
sensitivity to the Coriolis oscillations of the flow tube to change with material

density. When the balance bar's second bending mode resonant frequency is
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Coriolis f r conprisin
Finally, stiffness in the central sectlon of the balance bar, between the soft areas, is

increased to further raise the drive frequency while having little effect on the
second bending frequency.

25 These physical modifications of the balance bar along with subsequently
described changes can reduce its second bending mode frequency so that it is
lower than its first bending mode (drive) frequency. When this is achieved, the
Coriolis vibrations of the flow tube are transmitted from the flow tube through the
brace bars to the ends of the balance bar. This induces the Coriolis like deflections

30 in the balance bar that are out of phase with the Coriolis deflections of the flow
tube. These deflections are referred to as "Coriolis like" in that they assume a
mode shape that is similar to that of a flow tube being deflected by Coriolis force.
The flow tube and balance bar of the present invention thus perform as a dual tube
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fl owret e
ThlS however, can still be a useful embodiment for making a meter with a flow

sensitivity that is independent of changes in material density. If the balance bar

25 second bending mode resonant frequency is above the drive frequency, an
increasing material density lowers the drive frequency and increases the spacing
between the two frequencies. This lowers the response of the balance bar to the
Coriolis forces. But, because the balance bar's in phase response negates (is
subtracted from) the Coriolis response of the flow tube, the lowered response of

30 the balance bar results in an increased flow sensitivity of the meter. This increased
flow sensitivity with increasing material density is once again capable of canceling
the decrease in flow sensitivity caused by the change in vibration amplitude ratio
between flow tube and balance bar. As in the other embodiment, in order for the
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Descri pti %Hég%gtfwydﬂgﬁg%‘gﬁ ?téff ﬂﬁ’g" ﬁ'lai 'Hf’esﬁf}‘éﬁﬁﬁ % ngﬁéc[fﬁes t he
probl em of makafageenkity.f if ove sambé lb\arbycdsn?@ BEAHIAG rho@aTesEgR Iratuchcyis eri al
density in single tube floweters t he provision of a bal ance bar that

actividy rahgysnide driye ﬁ%quzesw@oﬁh.em'tSSC@rmséef%wguew vwéatwwmmep e
bal ance bagy ﬂ?ﬁg%@ﬁg% géﬂé’éno%td? S AO\R8 S0 ”p}'ﬁ’@} &édré‘ésé’fﬂ% E¥ndifivi hg Wy

as to counter t in sensitivity or sirgle tube
meters. | rmetefebutcamabermodmb amlvzwmiater wﬁhca)smwsmwtysorilweﬁm"s,/ to
under st and_t,he Coriolis force on the flow tube, the
di storti oranﬁPgn@?'ﬁdﬁé’&tef'ﬁ ?ﬂf'tyl ow tube, and how the distortion results

in phase 30 shiAn a@E@Glgoftthé invepitioh ilguddd 8unéthbdidt dpatr@tinglasTaridied and is a
yeet OE_O d af J\n?rg]e?gr r;[avxen V.!a tf)lgevttluggglndvaeéglglnga eb%r%];leme% ;L}bosvt\gﬁttlﬁlr Oe]:raﬁélgtur e 0.
15 g YP
said flow tube; said method comprising the steps of:
flowing material through said flow tube;
vibrating said flow tube and said balance bar at a drive mode frequency
substantially equal to the resonant frequency of said balance bar and said flow
25 tube with material flow;
said drive mode frequency being dependent upon the density of said
material flow and changing inversely with a change in density of said material flow;
inducing periodic Coriolis deflections in said vibrating flow tube in response
to said material flow;
30 inducing Coriolis like deflections in said balance bar at said drive frequency
in response to said Coriolis deflections of said flow tube;
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



WO 00112970 5 14 February 2003 PCT/US9911177t ' | ' Figure 2 s
"202 through which materiai is flowng as it rotates countercl o?ﬁﬁ%@aé@gﬁ?
it's''end' 201. The Coriolis force per unit |ength of tube 202 can be derived
fromthe RUWIBW for Coriolis accel erati on A~ ahd Newt on' s RGRESEHITEI i s

accel eration nmay, he expressed as: A~. =2 ~ X V) V = terial vel qci 10
Coriolis EsEds lﬁ'ﬁﬁﬁ‘é’ip%&fe‘»@@j H%‘é’éHééé‘? "if&%a%m-‘g QMR‘@QE‘%@{/SW & 'chrﬁ‘t‘é%i al
nmass si nCeMBLESHsAh MiFbRBAnce BaW = angul ar velocity p = material density A

, = tube flow area 2 = tube length F~~=2pA~-P(w x v ) F ~ =2pA~(w X vz but :
15 pA, v = M F s2M flowngterdming respessivel tova ehanrgeriredensityodt said onaterie-tiow

otati ng 4 b SO PARe A A SRS T B PR el T e oughout < ne
flow gube. Fi ggaiRi Betieiteriaestompgbing thevtépdef:300 that is free to pivot

about each end 301 and 302 but is fixed jn_translation at ends 301 and 302.
Fl ow t ube 300 98NGrAINGAGNAY representing saidiGerialsy deflerdioms ] sairitiowitubes

resonant. i aausneXriolid 1tfe AeMtitiAs o'l Balail pa mBier i al Tl ovs through it.

As the flow tube passes through Its straig zero di spl acenent) position
303 downwar ds, detivinglisformationh regardirassait ooiteriabflowiih eespensd tphgaitial f
rotates caounterclockw.se. The rotations decrease as the tube's center is 16
14 Februarg)?nffﬁj@n\/%ﬁ%qsi'@% "PCT/ US99111771 approached. The center does not

rot atygy but ner gnetidraipeat meludbRahsRdsp af: di stribution of Coriolis forces
on the flow tube 300 as it passes through zero displacenent 303 is shown on

Figure 4. The CPeaingssaidflewmeler i spesrte agthands brdensityiHsaidmaialiales
ecause thaf z‘ébaqtefr%?Péttﬁ;gb&we%ﬁtthg’a‘?.v@rrﬁogﬁe%% &n .aIuﬂﬂg&% hgk%@ggbw e

dim ni shes to zero a center because erotatio
di m ni sheandesadbalaatetiae teeharge thinfidWesensitivity oflishfdi @moetdreteeinst

vi brating fube 300 ,of Fiqure 3 and the rotating.tube 202 of Figure 2 is
Uhat “vi br ARG 886 Tugterdbaterdte rsicibeBsmhA derte e felctonasiplifias of
reverges diaiefiéw dbe Ahd e CulBRLkS BeflbstRA ARBfLRCOBHId Halthdedbattioons 10
are zero and the Coriolis force on the entire flow tube is zero. The result

i s that tiebanggthe tlew sensitiviy cheaidiflawmetes és agtecpingudieedliongppasitade seérhl | y
wWith ti ”Eﬁ‘{%ttchretcpgn'na)(i mum occurring as the flow tube vibration goes

t hrough zero anplit'ude and maxi num vel ocity as shown on Figure 4. Zero
Coriolis force saztcchiangss ihsaicidw sentitivity biibaideowmetdd inwaidiest deactias its

maxi mum vi brati on, anplitude and zero,15.vel ocity in the fir bendi.n
(drive) mofe PR FHGRTSKAEFIBN Deed SITRGLN WHCTUBER AARWBR STV SORBITIB! | s
forced o tha i5lsopsianbigly mdependenmoashdnaBs i GRHRIEN fidly sbngly, it i s being
vi brated; nanmely, the flow tube's first "bending (drive) nodé vibration

frequency. Fl oinaolirer apechistisiasthedatepnst to the periodic Coriolis force
hown in 20 Ei o id_licne. : .
as shown in hsgﬁcggégolfs Ill(k-@geffse%ltlbqs of @ﬁlcfgﬁ\éﬁ%é ggérr?%@ﬁgg %9[&?&%# amplityde

exaggerated) t akes T n response orce as
passes dowhaichhnges dnvgrselg vithdihephagritedd of thet sepatative ofsde dmMeemiaiehed

o e e PG P R s e ol e SRS O 1 e
that gss in factpaadfiidehié MoAUEBedS TesFdndetosa EREhGE in HENnsifiof said material
flow to change said drive mode frequency;
altering the flow sensitivity of said flowmeter in a first direction in response to
a change in the ratio of the drive mode vibration amplitude of said flow tube and
balance bar resulting from said change in said density of said material flow;
30 altering the ratio between said Coriolis deflection amplitude of said flow tube
and the amplitude of said Coriolis-like deflection of said balance bar in response to
said change in drive mode frequency resulting from said change in density of said
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25 md point of the tube. The shape of Figure 5 is simlar to {yh&wesPn6os
- bendi ng node shape. However, this is just a coincidence. The frequency of

the seconggndbfpg mode of the flow tube is much higher thapcphRodi@sency

at which the Coriolis force of Figure 4 is applied (the frequency of the

“first bendhagriaPfen.toIAeeehs Rew Senwithith &f saidrivire e forGh taesb daYid Grecibr S
forces at well below its second bendi ng resonant 30 frequency) this

Coriolis crpasiiederssithtist giestiomi gure 5 and the Coriolis force of Figure 4
occur in phase J; : ; ; ; ; pe
-of Figure 5 as %/%.a ?P ggégssng%g f!jqzvgg%\g%en@nlﬁ %%(cl} QE&%Q{:tﬁorﬁ? §Hme ;é%@%%céhé

vi br at i on difactien Heémgl efigtiventbeachibve ai saibstdntially apestanpiicwsenbitiviBooi saids

[ nduc? vipration of 17 14fFebr uam? 2003 @o 0012970 PCT/ US99/ 11771
Figure s d _vs(rﬂgtedrqv\%ﬁ P& | _?lte(g]a ‘ﬁ_ﬁireBS SThis is shown on Figure 6.
Bot h vi brati onsanp&ieef adpeétiAclues thd ey SXnaBslRg Tdnots ke WeaBsitnsH satdey
are phase shifted fromeach other by ninety degrees. The Coriolis induced

di spl acenmdr@langsPauwitp $8id inducednode baviegwh@sonaat freqeenaydass pnarid i s at
zero di Splcﬁ'ﬁl%”fﬁ%iue}c? ong axis 303. The Coriolis displacenment becones zero
when the first ndi Mg node i s at maxi num di spl acenent (dashed |ines).
]Ic:: gure g is anatkr?xghasaspecﬁiigulueleﬁtl?elastdpetbf ihﬂuariagﬂm@h’kﬁkg@eﬂett?r& infsalcﬁa
ow fube in so far Coriolis deflections are concerned at the tine flow
tube ho° daRitbILrER s s o oR eV Pl SoaRE b SRV SRS 9 ek
Coriolis faesteqihdyoriolis induced deflections are at a maxi mum 10
anplitude. As already explained for Figure 4, the Coriolis forces dimnish
and ul ti mat el y Anetbreaseed inkledes e atsp elcxtending forces indipativeod saidiches its

T R R B Ao RMB 8 B8 B hed B B o S

f or ces_andalased banto iGdutelsasd hefucedtirode inTdwis baldreesharuanirdpd résuniaek i s

response shown in Figure 5 varies sinusoidally in 15 anplitude at the drive

frequhcy féebqqqngwqqy%it%gydi %"(ﬁ %F%lﬂ%%?ysi nusoidally in its first bending

node between it ' kit tive deflection by the drive
AndtRY BUBRATIALILAKE tRE dihR0A

signal. The anplitude of the Coriolis i spl acenment shown on Figures 5 and 6
is greatly exadtpxing euds of ssldafiow yubearinerespphse tedsaidpariedie@piielis nuch | ess

t han t he [ i in f. flow tube 300 because the
first beng:l[grillgec%rqgrﬁcgge%g%gﬁ \%éﬁ °2§P$4?e9?@§§%§taf}dr equency of the flow tube
aﬂd ]E-he Cori ol if&xirtgialsjeeondtendeawegdtb;n_ﬁcefbaﬂ mbiags ldiefeyprmtsémsagjhmoanhg of al !
the figures are . greatly exaggerated, e phase del ay, associated wit

e erd Gl AR S50 M dES SERLEQNPLS MHEOTEqions 5t SAHOARIRE RS 11 on of the
first bending (aliotel ag9Ee: ABRLBNERIdL tarifoiLlRE oIS spitey bl att ube.

In Figure 5 it can be seen at right velocity sensor SR crosses zero
di spl acendrlancs baefrpay saiddialanes baeteseaid bracd barcagans te lwerizhsrcange | ef t

sensor and.J h f. .t right sensor and its
out put voﬁéeﬁgjoiqé)&%?e\égh%ﬁgﬁﬁ hggﬂé%&sgggiﬁga%c& t‘?‘ﬁat the right sensor SR

| eads the phasleAchtthasggéttinslialﬂee(rjth&s%epTﬁfelotggﬁﬁgltlﬁb féﬁ{jr@lmcd&egpénclty sfesaiel ay)
is proportiqnal to the i tude of the, ioljs induge i spl. acenent
whi Eh? s, U?%ﬁﬂ’,“‘&r%f : %C%Ba”t%‘%@gft %\ﬁffIPQP\éﬁ.‘ SHTYeO Bfr%%ar%‘ance
invention gdqgpvol ves shifting the frequency order of the various node shapes
of the bal ance bar. The vibration nodes are defined according to 18 14
February 2003 imatbel asgecthagiudssdhe svepof lnwiering hiag essonant freheemcyf ofespidncy

order. The,_fi dj . will hereafter. be referred to,as .that.sho
"nF gur o ablbel rRRerRAAS bt Y BBk o TR IR BT <
5. A usef Waid bhfance barabgethrerwitetheusreeisidreofdAti®asktd rhéss onaPRasDbngOdes
m nus_one. The first node has two nodes (at the ends). The 5 second has

t hree3q at QtRer epdionRfbaish balancedmreay weltias the pravisien @f ag/ai theatiaastrang
nodes, et Gyortion of said balance bar.
Another aspect includes the step of lowering the resonant frequency of said
induced mode of said balance bar by the provision of flexible portions of said

12



I n conventional single tube Coriolis flowreters, the bal ance
“vibrates in the first bending node and | acks any response to %lﬁ%{?l{l%{rym%
forces on the flow tube. Figure 6 shows a prior art single tube Coriolis

fl owret er V6@0V/R&A® ng a 10 flow tube 601 and a bal ance bar 6FXLTFEMEETEd by

"brace bars 603 and 604 at. the, ends of bal ance bar 602. The solid lines of
Figure 6 sPRIARCS PEhAL lasatigns of B bansiee MRIRoRLY %aé.gtbﬁ@}‘cért%%éorzﬁ‘%

di spl acenenprigid ike388tiédtidrize first bending (drive) node with material flow.
No Coriolis deflections appear on bal ance bar 602 on Figure 6. The dashed

1i nes show t he Anether@speghinchidleste stegr ofamairtaining therehdlfodea efnsaidf t heir

vi bration i.n the fir ndi_n rive) mpde. Figure 1 is a.,vector,diagram
- di scl osi ngVl { lngif[)orvglﬁ%%gpg\%ﬁio%g?p%%?Jagweprgtcg P?‘Hés %%‘Eﬁtsiabig?wsi ngl e
strai ght ttube sp@F sdibitmldheywat. er as represented in Figure 6. The response
of the flow tube at the right velocity sensor SR is vector 103 which has a

| eadi ng phase, RRO¥@5&sPeEpiNElEissdbe piovisienatghE ssetiorefl saidbslancedao and
the real aé‘rhcﬁfl&%‘e éréhgidrf%.r&té%id) ai‘éﬁﬁé%r%%?céﬁﬁrri%‘”g)rﬁ §ﬁif¥ LSciiepk velocity
(or vibration anplitude since they are proportional). S projection on the
X-axi s represenhsoiies dspsthinchudesdise stdpocf oyeriMgahe fretQénoyf ot sedlsabande bar
is not shifted i.n.phase fra is 102 since the .balance bar is not affected
by the ger@Pae &l VlATa i SRR Baten barEY MR/t e Of AcepiATRAsion At STkt or
106 i $0 shoydlapt®Ber bRhe 2fexiBR! paribs oh GAchNsldé df 881d ddréh porfion of kald:  The
vector sumof the flow tube and bal ance bar vectors is vector 105 which has
a phase arfglance bartqggiheswiibithe Pravisien ebintsegasast mass ampdchride ohadidphases
of the floggrﬁ%bdgo'%% bal ance bar. Note that the net phase angle out of the
ri ght sensor iIs Téss than the phase angle for the tube al one. The
reduction in phasethenglspethindludeter Cetuiis iowireygr havintue flow tube ddapkedio 30
phase shift of the baI.aQ e baB %{n conventional single tube neters. Figures
27 and 28 BREVGEL M CHRLIR A DRENCE B3F POPNIRY SyRStaT Al AaryIeita FERdiaw
anpli{gide 4BbipY kiR el ParimeRAR8BubIhg i€ Hiod) tuBBNFtH YaiddfaBRaA5d S eRidbet ween
the two diagrans would normal |y be meani ngl ess because the density

di f f er enceCpuolis Hlowmete Uhrihergodpssing: 15 wo aonz970 . n . ~ 1 PCT/ US99/1 i

771 results in g.shi ' iVE

Therefore) t he ShRTdars teEVRtEd AR AR ML brdace bRER ¥ RBEIRN e

t hi s neansfréqudrivyt prolkim pieathesebavantieueticy iofl @d drcetdie andid flequebe withThe
normal i zed ghasai angles are in reality tine delay. Since Coriolis force and
t hus phasém® Pﬂl flo 'proportional to tube frequency, the normalized phase
angl esgof the fidawrhuheml fbk aew@eﬁ@&%_ttoqﬁd&é@gefmele?d?{a/.s dzhﬁctwsmﬁl I zed
phase angle of the flow tube of Fig.27 is therefore equal to the normalized
phase angl &iévibratng flgwiigibet he sane flow rate and conpari sons becone

meani ngful . Fi Fn) V, j r g a
relatively |ar 3@%‘%& IEjg@gvsgag@ g?a%%%!@%ﬁgr?%gar{s%eﬁag%::aﬁghgl ance bar
vect or 270deflextions Wftsaid flowmtabeddrandading Dorindis dike aefloetiersiinlsattebalanhge The
flow tube vector .has. a_nornalized as ~ ,~be with respect to the

X axi s 27 3eie Erue ke bama BEEhs Tho SRR IRHiES EhameIlie 2702
and has a BOASRICHAIG 1% arfifudeloCs e Bplolis WatiBbgrRet ors 2703 and 2706 s
vector 2705 having a velocity of V ~e, and having a normalized phase angle
a~ ~e, wth resgaigtCerplisHkexdeflectiony defing\ansndgeed modernd vibratipmef saidxi s.

The flow t ' i ratio is th ni tude ,of vector .2703
over 2706, BERaEE bRBEE e PRt iBghPh sictRly ZRRE. bHETo Rl tha g
rel ativel ydide sisalel frédioandytoesaayehidt arfplitueetd?saiBOdriandik@ detleatibMely | arge
bal ance bar vector 2806, resulti ncg froma higher material density. The flow

t ube vect ofeSRONS L0 RAAriatioR ifR|d divemase firauencybe with respect to the
X-axi §n2802. T t Q. l: NEL LSs:

or ot dent wi t T ERLSesEoies 98 Pantd in BEhs 7S SRHTBRRIRIAP b ibntein g
vect or V nstbs2&ttallyasdnsdant flow sehsibety afrgdie flotvmeeterse, wWith respect to the

X-axis 2802. The imaginary axis i.s 2801. In conparing the vecto i agramns
0t Hi qur o 27 wi IRaRRder SPVRAES s (erraRen e BR B odk GoialsateciEht
nor mal i zedofpd1ag 1o tubeCar @ SHid @HfioNsakeUefeetans of shipehdidrial 4 dRASi Yy
material flowis larger than the nornalized phase of the resultant vector
2805 of Figure 28 for a material flow of greater density. Recalling that
the normal i zed phase of the resultant veggor on each of Figures 27 and 28
is the tine delay of the velocity sensor of the associated flowreter, it
can be observed that a flowreter operating with a material flow of | ower
density has greater sensitivity than does the sane flowreter operating with
a material flow of a higher density. Fromthis it can also be seen that a
single tubs floweter inherently has a greater 20 14 February 2003 ,, ,



WO 00/ 12970 PCT/ US99/ 11771 flow sensitivity due to anplitude rgg
for lighter materials (Figure 27) than for heavier materials (%5%;%]23)@83
The enbodk\;’ga%u@;o the present invention shown in Figure 7 ppeyisies:dmn

bal ance bar ose second bendi ng node resonant frequency is slightly bel ow
“the 5 first bend, 2 rd.gld s, i i on
of flow tube 60T e e B e e e B PR B by
way of br asaidigansra3®® efrshié8ignaEhe vi bration anplitude of the bal ance bar

602 vibration ip_ its second hending node is proportipnal to the CoriQlis
deflecti on anpl AeeliBr BEPPRGAERER MhstR 1A RaBLRE 3 BRBmelei ik BshBhnde o
material féuMgedncienkitg of isBidratdtia®@d td HRler the retiohmstaeen thedrié8modei t's
second bendi ng node on Figure 7 is also a function of the separation

bet weeh t hébratiostampelitefn P! seifellqutubeand said lhahicebar ionehanedhees aitivd¥cond
bendi ng no . e cl oser the second bendi ng node
frequency g&%‘ﬁ@%@ﬁé@ %g?ﬁ?ﬁ%{mgg&ﬁhe first bending node (drive)

frequency, the meenseesparidivedid 4 beangebinataicddeile ampde fredeendy tdsedltira) rome bar
inits secon endi ng , 15 node. ,This relationship is shown in detail. on
Flgur o o vFAGTRESS T5FARADGR! Saik MABHA{DUHA S RRINP FBER DPRLSE B CAEORRI ance
bar in itsqsecad PepiLoE ofBERl v BB hrMhECokAIs-Nd SefitRRtdrApiiRtetdie
flow tube versus the ratio between the first bending node (drive) frequency
and the basaidbelange BUtoxhengs the sansiyitysd saidlowarmter ineggeeyd drretian axi s
902 indica : rat i - .the first bending node 20 (drive) frequency
and the seé@%ocfﬁtggﬁcf%ﬁ%ﬂ%?g%@s nant frequency of the bal ance bar. The y

axi s 901 repressaid shhhgesimpsaitlifioat semsitivag bosaief fldvaactarih Gaidsfirse sireotien of
bal ance bar'£,02. JAs can be seen, the Coriolis response induced in bal ance
bar 602 i s2nf Inssaid SerARF WiTeRtiembeeing@iiscliv teashieke agryhatantialy cansiadnd t he

second bengli i ;

T i R IR A R RN Lt e e S i
from fbs nidowensilys the ratio of the two frequencies on Figure 9 becone
greater than 1.0. The Corioli resER(}nse %tbe %al ance bar al so decreases
fromits maxi mum as the ratio Ot ¢ HERD PLE'S 5ﬁ 8% es becones I ess than

one. It can al sphéeabseemndraifeFadiantagestdiabe fEguseHOEINRS inv&sticIme I9et s
steeper as 30 the frti%gtéency rati o approaches one fromeither di I‘ethI an.

Thus a smaPette/HAwgEstoRddrar @ rerdingctidhe frllowine detrilstgipacripham feerert {aidng
second bengli -,W qgg#— } ] .ance bar if the frequency ratio is
near one t adr?g? it%ni sI Lﬁ%ﬂ%ﬂ%g\ﬂ’;b%r?@l s this change in slope of this
anpl i 2Dcat i on cliguee f ia@ vestarsiiaigiam ofreepporar singlewedra Coniolid flowm®teo/ 1 2970
14 February 2003 P (121771 ° 0.determ ne what the frequency
separati on shou’l.}’l u%é?gﬁg%?%sra{%}aﬂ?%gﬁg\g&‘ S:cancel the change in sensitivity

due to vibrati ofigareBidistlesea vibratfiray iy eurk. ot her causes. This rel ationship
is used in accordance with the present invention to aﬁhi eve a féowrret er
having a flat cEORER didistosescsCarnirlis derses applied datha Hewitkbe ©of Rgirendt eri al
5 flows of diff hid oTre i R HRTHoE i n which
t he bal ance barﬁ?g@%ﬁgﬂﬁh%élfgleng%?{l%Zg%%dg‘n%céﬁggﬁm? I'S bepg\;ﬂ\/é]téhe drive
frequ@Acy but iBigsrd Bidiselnsesa prriosertstraighbtulya Ceribligfloemeteso that Coriolis

deflections in the flgw t . excit e _second. bendin de. Cori olis,like
vi brations in t%’@uﬁ%ﬁ Zr‘?&é@gp?ﬁsﬁ tﬁ?\lbg’”?@s 5%%&?"}?33%‘3%?33%@0%9{5 B'glglesecond
bendi ng ot e@sridlsi flowmleter\df Bi@pbrayaat iavenfidie fl ow tube Coriolis

defl ections are_out of phase with each other. As a result the phase of the
f1 ow t ube vel ocFigiires 9iand 10 gisclosedwguenay raspensarmeineegaf e flavemgkrisef of

t he bal anc ol t the right sensor. As shown on Figure 7, sensor
SR on bot hﬁeﬁ%r’e#@t‘\/\x/ﬂ%{gt\eforgnd t he bal ance bar have already crossed the zero
15 di 8pl acenent Figased i drarat 12 b veater dibgradis gkthe singledsbe Gprictisdlovineeri s a
| eadi ng phaft?1 and is r egr esented by a positive phase angle. The magnitude
of the fl o NGHRECPRALBVERIY is proportional to the anplitude of the flow
tube’s Cori ol i SFEgte£qBidMtloddithBREsdd sishPhnd BRnBMPRiotAE cPies araingl € i's
proportional to tthe bal ance bar's Coriolis |Iike anplitude in its second
bendi ng nobiending neege péthabalanee ber of themsegenttiaventian.bal ance bar behaves

| i ke another flow tube and enhances the flow
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sensitivity of the neter. Figure 11 is the vector diagramfor

“enbodi nent .of Figure 7. In this enbodi nent, the bal ance bar seggﬁﬁb%'é‘%?or?&
" nobde resonant frequency is below the drive frequency. Velocity in the drive
mode is sWOW/BA7t he X-axis while the Y 25 axis is the i magPEAYSKIHE! (The
X axis could also be amplitude since velocity and anplitude are

proportional i Figutesats digclopes dhe modenghaneosnd berdine nemepts, etther sagonge
1104 has i ta, Lockhy~(or anplitude) in the
drive rmdg.ehi%p% E‘O%Séj?ﬁ%va%@caes rﬁéh%?@ﬁe‘eﬁb@%g%g bar vel ocity vector
1103, Vbal bar Fgbectidiscidsesfdnoembobiendratofhihghersent vention. anpl i t ude t han
t he bal ance bar.. The i ngtapt aneoys velqcitjes of the flow.tube d

bal ance bar car BYeFet®RM ﬁgdﬂ %% epY'sfag@f‘éljreISBﬂ@?%gﬁﬂ?acgﬁré?tfcs\fggﬁﬁrs on
the Xsaxi orighe fiowmeferiofEidurewst ube and bal ance bar velocity vectors is
Vet . The length of the V~e, vector 1105 represents the peak relative

vel oci ty bet wedtigufee18 disclasep @iediternativyaebogineers oif ithe Sorialis fipavmetes of
February 70 PCT/US99/ 11771 velocity sensor SR The
i nst ant anﬁ%ér%{%rg%\?/%ﬁ@g[ ocity is the projection of the Vet vector 1105 on
the X-axis. TheFigordsol9,200@id 2t idisvosiplel vibidtiof airchaedctetistids of atchacépal
tube right sensor, S j?, ﬁbout three tines as |large as the bal ance bar
second beﬁérﬁfﬂg‘tr?ﬁa%aﬂﬂﬂ'? GH’@E(tSF- vel ocity) at the right sensor SR This is
5 eviqgent by 1 o graeal e oaaid Bl ikeo i RarRRE| &rdBEichiBfcd bPUNE WiRsitTe : ~be
| ance bar, ~ bal bar e

than for the ba . e angl e between t V~e, vector
1105 and tstraightanbe Garidinéonaetabohtie predephiagention. nac , bY which the

vol t age produc b .right velocity sensor, SR .leads the zer r 0Ssi ng
of thecdr ver . Fradta 27 Bisslats A inalye apSmatt i RTele Br R 1T age
t he drivefloymétfes of e prdentinveatophase angle. The 10 nornalized phase

di fference between the voltage signals of the two velocity sensors is the

time delay and figuisy édaisciasgala banelielpwaeten npedting thehplesesy évapdiehor s of
Fi gur. 113%[?%\5- r [B&T. ' i ensity in the

fl owr@t er. The %ﬂgge&ﬁ%# ggaépgérﬁ??%{??)z@%dﬁ%%%bgg frequency) to enable
t he vectors forFipotds 2ieasd PBevetvectnr diagahmy/iddsteningitbe spesatomph.a Qrion 5
Figure 11 t fl ow tube.drive de | itude (and vel ocity) vector 1104 has
decr eased aﬂ?@?ﬁf’f"&?’%ﬁ ﬁéérq'f%ﬁ%t T?%%ggﬁf'pﬁst he increased naterial density
whil e its nornetigaes 2hase 30 illlidmtbake FelaBomeih benanoeed. balaacé baw t ube

behavior with material density change is the sapme as in priaor art neters as
can be se&fCPRApikyatiagabamphitde angiBedion el oriolis mpidude with raspechithse
mat erdepl 404 i 28. The bal ance bar anplitude (and vel ocity)
vect c?roall(%f@%ae???m%g@ggHFﬁshagni tude to that of the longer vector 1110 as
in prior art nmeters. However) unlD&tailpdiRescriptiareters of Figures 27 and 28,

t he bal ance bar..,s norymli zed phase angl e has increased from ~ ?@j bar 1 to
~nay bay 2 wi tHg AEtRd pBY apRARYs ol e prigent Ve Ttom aversoars TPihiD
angl e of tdiehdahaBGe floarsereiivity rdddiing Rertasathclemtrritéie dEnsit)Gh eifpei n

material density |lowered the drive node frequency and noved it closer to

t he bal andeb®ilovwseelers by EriPyisionef rdadena bartbglurstvely respondsdalthed in a
| arg Cora Of | ' anpl.i i, LD [ ' d ,Ag node and
thuseéa5 I ar%(gédl%oéér;aﬁeﬁt'?gg ol;f)LHéésjgogrtlLd#{ée' Tﬂ %a%{g%ic% %gegﬁé@@%ovgﬁ%gwgsent

i nvent i on dhangiestin nhatedbbderesityrin sachal wagds phasentdpttanchangd in Senditiignce
bar vector ,ghléo IS t{:e,cor,re]ct amount to | egve the V'et vector 1105
unchanged W' BBERTY Bhef o7 R0 JERe Mstere 11 REN RdnAarsiaed havadisangrae ! ~et
fromthe Yehekgssar tdlilerdthid hé ﬁaﬁfre%%w ExrigRd ﬁ{ré@bn tHOHow iBeY1fe

vector 1105 is unchanged in length is a resul the electronic anplitude
control ofdistegionethis prgiucesdn thaflowrtubeo@sd v o dizeatioPCEsWEDBY phasel whi ch

is f din. invention and in prior art neters. That the
Vet \?%Ugt orsﬂﬁgﬁiﬁﬁn@iﬁi@% in the normalized phase angle ~ ~e~ , is the
result of the chigage1iioldtbedésiribeecaritiis £esa00diagreh og tHedidralanl is | i ke

vi bration anpl.itude )
velocities of the flowmeter of Figure 6.
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with material density. This change in Coriolis |ike vibrati on”;lprgg“iugwdg)ggf
e

- the . 5 balance bar second bending node is sized to the correct magnitu

by desi gnhr}go&/ﬁgmbal ance bar so that its second bendi ng m)dfi; '9 l7§ li'ke
Foarsul

resonant frequency is the correct distance away fromthe dr
* frequency. At tgi r ratl : 0,
anplification cﬁp\'a/{aé:?éshgﬁ}ghaf{uﬁg%%?ﬁérmgk%ﬁﬂﬁ%r%?fs;{l&gglﬁs% bpgtﬁ%%sr s the
frequlencylanmk m})dorkwismdbmhléiirsng 2011ﬁ Bbézﬂmﬁplibaordcsqnmnmd liﬂ.[énfge\‘mgf upendoie
Coriolis like vibration anpplitude the anmount needed t e t he Vet vector
1105 uncheiRSbeE SRAVEHTORLHIE §94lDY 6k CoelhaeeaIStaORead NRYEOEIRGe i n
meter flow sensphiiNi j ; A hift in drive node vibration
anplitude rati zeégalhﬂiﬁdg'%gﬂﬁﬁyﬁ? g*%ggg?ﬁag) however, to adjust the .
armounts of fliow B¢nBiki vty shift. It is @asandwasesobiopy this can be done by
imagining 15 a flowreter with a balance bar that is infinitely heavy (and
infinitely stiff so as to maintain the pyopgstefiss@ladity frequency). This
bal ance bar woul d have a drive node vibration anplitude of zero to bal ance
t he flow tGowolisdhensgimgnanbe expiegsed@sity in the i magi nary meter woul d have
no effect &g %Zﬁ flo alibration factor because the bal ance bar vibration
anpl i t ude WotilMAr 8fl!n(BefoVand the fl1 oMUPEIHR 83%5 t ude and phase woul d
remai n unchanged. Wth a nore realistic neter having a balance bar that is
merely nuch heavier than the flow tube @ eHnpletipddensity bal ance bar
anpl i fude LGy VEgt Qr remain very s ing fluid density
signii¢caﬁ$ﬁ%ac é%%gnghéﬁPgngth of the'%argﬁ%%ﬂggﬁﬁgglocity vector but,
conpared to the flow tube vel ocity vect ars tubdecle@fttbal ance bar vel ocity
vector remains small. The length of the flow tube velocity vector changes
the sane afeeZpAad (thexbal Ance bar velocity vector but in the opposite
direction. This length change is only a small percentage of the | onger flow
tube vel ocity vector. Because the bal ance bar velocity vector remains very
smal | conp QQZ%P&QﬁexbeMItube vel ocity vector, the change in |ength of
t he 30 bal ghce Dar vector with fluid density has only snall effect on the
phase angle of the net velocity vector and the neter flow sensitivity. The
change in neter flow sensitivity with'change in fluid density is greatest
when the dvitve node vibration anplitude of the flow tube is approximately
equal to 24 14 February 2003 WD 00/12970 PCTNS99/1 | 771 the drive node
vibration anplitude of the balance RQar. This is the case illustrated by
Fig. % ando&ivge M8. In Fig. 27 thepf IUMESAIOWaA®w density and the flow
tube has a greater vibration anplitude than the balance bar. In Fig. 28 the
fluid has a high density and the bal ance bar has a higher vibration .
anplitude than the flow tube. 't 5 can readily be seen fromthese figures
that the chgnge imm the phase of the net velocity vector is |arge because
both the fl ew=2kBe xva@bocity vector and the bal ance bar vel ocity vector
undergo signfficant changes in length with fluid density change. In
summary, the change in flow sensitivity due to a change in vibration

anpl i tude (ol t i hrat | i f bar
e near 1010 ariols Rkl Rt AT, ishath B o B AiEe pha el Mt KRG T
sensi tivi ttybeR00cisTbiatingatithe shakbaateahdtha misstflude rate iy ¢y sansl throwghzated
to the anplitude of the flow tube. In prior art neters the bal ance bar
drive nodeth?ifﬁ?’éfq anplitude has al ways been made very small by naking it
as hesyy as eco tsal 1 i RAH i

chang%g vi br at ?@E}%rgrpélh?bt“% e&{%#ﬁ%ﬂ%p;ﬂﬁb%‘?%gﬁ %Lt§§(§§rlé§tlote@pspéb%gséc#?\b%%d

el sewher e B@t ahd 30R2dvuhie fixed iretransiatioroahends 303 andidi332. dEbwitubee30 e

vi bration anpl.itude, rat i a for,,the fl ow.sensitivi of the neter,. to
Uhanae v DR Y SuiEr EfnSBERES nefnd Gofer B TRReh it frdalingy fird g dlinet
sensi ti vi tatring, Whike aRRefatiowl theslidhomn AS tHdBowW tilys pEBSEs tHrbligh it rstiaghti t ude
rati o changes. It thus is useful to recognize the rel ationshi g bet ween

bal ance balZeragispiarermehpoatier 398 downwarsi it's lefrhalf salaies eloskwispawiile #5
then ?@ Chﬁ@%a’if’ro%&%& dolitetBbbkwicB, SHLSH ttétYdr%syqé’&? 50 a%?tpg‘?uﬁé’g%e\ﬁké}_fié.“ on
anpl i tude rati o change 1s opposite to and cancel s ﬁe Shi rn"sensitivity
due to other causes. One such other cause is the change in sensitivity due
to the change in the ratio of the Coriolis deflection anplitude to the

bal ance bar second bendi ng node anplitudé&w th a change in 25 density.

Fig.30 illustrates how t he bal ance bar second bendi ng anplitude changes as
material density (and thus drive frequency) changes. In Fig. 30 the X-axis
is frequency and on it are vertical lines for the drive frequency with a

| ow density material (Drive Freq. 1 ), a high density material (Drive Freq.
2), and the balance 30 bar second bendi ng node resonant frequency (Bal Bar

—— - o - Y



anplitude ratio for the bal ance bar second bending with the ”‘?Hﬁ’-‘eﬂﬁ&%ﬁzoog

- material 5 having drive frequency 2. Drive Freq. 2 results in Bal Bar
" Anmplitude 2. It can be seen on Fig. 30 that the difference in anplitude

rati o forwa@oginwam shift in drive frequency is a function of PCRESPEIATL on of
*the bal ance bar second resonant frequency with respect to the drive
frequenci approachethe Toe gaNtRN dneS 1O rptajeout eerehatigesiptes hEh@ apasiek bar
second a I t frequency
separat i gﬁis?i&@rﬁ@rﬁlol?td(o(??“%h&c%?@ h% fwﬁfde go?%ﬁzpﬁeérseeén%r%@g% ggrt %he ri ght),
.then the dlsarn}pemermt Bh8 mahawne:rbﬁlgussedoﬁ'meaﬁphonsjdﬁce% iroppodite gieectibhscan
be seen in Fi at the balan bar deflection in its secand hendjng
mode | ookBnIE IvEhRI S beCauTs LA e ietPrLESToT o oRmRSTTHiTe BRRPIL T ease
in babancﬁaréél'alrﬁlﬁ%‘%g 1998 Qgth%%édtbk@@cdnfé%‘t’htesro‘té‘uo%ﬂof ﬂrerteaéwnﬂuér#@s phase
of the 15 bal ance bar velocity vector shown in Fig. 11. Fig. 11 al so shows
that if ttezenatdeeeentsrphase with density of the bal ance bar velocity

vector is of t mai n
inchanged i n nonager v ATBEHce b (athatfbl oot BELR o R AL
sensi tivi totatiig fube 202 @frFugare pegHhat vitrabiag aeise BODHoEsamet rotatd eastibioudy g.
30 shows how t he bal ance bar second. 20 bgnd ng .anplitude change with

density cBHt ﬁ@P%éPGﬁ@fs%?/dﬁﬁ@“‘?’?eﬁ&é’?ﬁ:y’ SRR A eGP HERVRESR: Werob?élozﬁ‘ﬁce bar
SecoRg r eﬁ%“fé\'% Jﬁo%@%)bln@rfgr@ﬁn Phé YRtk RIVEISY is 2573 "ﬁ{e FRRUS e the .
separation results in grea er sensitivity increase wth density. Thus it is
possi bl e, Magnjudpef ths Gordatisntorogs ofiEiduad 4rvasy lsmussoeiaﬂydmﬂ'ehmen\gltm ta“a;i)nant

f t ' wh

vector phetoiE Rl T S IEGHANBK el 8RR ol B A i€ 586 of
unchangedmaxirhurimBletddigl asdsiedt wnarigoaes. Seed Coridkis f@itesive ea the ehigd e
tube Corioglis flow neter that has a flow sensitivity that is not effected

by mat eri HPWJeh@ 28 Jhe HpYyirke geatnrsitamaximud ermticRhamelitude and 288e bar

seco be e‘?ﬁ@ﬁ? C éqqtg% guency and
suf f qul entoglloe&)){ @ggatt?gﬂtm r \(/ﬁen\; Zﬁ]ﬂﬁcyh?ﬁr \ﬁ%y(d,g(rﬁl‘% Iin‘é%g cﬁ?ecti ons in
the flow apple:aemoidfehe{:@onohs forcele tbeﬁowduben@th&gsamﬁeasxtrtﬁfaeaqmwa1 t he
bal ance bar . thi.s enb dlnent h bal ance bhar cond bendi hg node

Cor ol s MG DisHeing SREEHG P ame Y1108 PHOLERS 5t PeRap iy Fas Bary 2003
WO 00/ 129vRr&oH fesfiftinkyl 771 deflections are in phase with each other. This
nmeans that the_phase o?, the fl ow tube velocity at the right sensor SR has

the opposite sFpy wder30 bendeinresprass ip mﬁ:eeaaqﬂlcé%orﬂqie forgmas phewndif. As
howpaon r ero

di spPlcentidte S, The SIRine Shalls W1 shedidiafy BRapdorefapineins A, °

crossed t mspzmse talthepCadeliefarce @si thedube Eaesés dwmdﬁhmghﬁra | eadi ng

phase and t balance bar .has a | Thes re esen

oo ¢ ve. didaraRia L Rk Tosiie oAk 895 1S sEORRTRIHRpRORE i fikedy.
The magni tygemeted bpwéﬂdomm@ezem GRblagethePR s thadole modstNoteSthat the
proportional to the a of the flow tube's Coriolis deflection while

the 10 magnivtReia Qﬁtherf vorRminat fain st Ressine dnimvaSeZaiAt dhis indAnbiaNe s
Pr opojst | 0?@5 ptoﬁwttto*r‘%@g}b%“cﬂnéeﬁa fF* Lg ik éﬁﬁh&ﬁ@ iHeUle ol B%@ﬁ@@% ‘e

bending seen In that t ance bar

anot her f shape.ublewavey, tstis jmwmlmetd@nce olThe fdecitlemyl afrtbe secgnd eefdings t he
vect or diar mf r L he emhodi picted i ure8 5 thi

erbod mendog Ba bRl MUTD hisheHaT erieal bt iaS dedils foree
drive fr eq»wﬂywe 4\glBpiidd (the fﬁé@éﬂfdy\& theflest Ib%n%i ofe) ! [gnek el fowhi te
the Y axis is the inmagi nary _axis. fl ow tube velocity vector 1204 V, ~be

has a | endle igtbeing ax¢'ae tzyz@gnpheﬁ@rrcﬁs@ﬁmelltbelewstsmndebamlmg/rqsov:nant

I d b
oI e 5 iR sl Ao SRS AR ERbO, ipheepe B
vi brat i on Figareidt estairimphase dithveadipdibet.hRlow bedad@ticerebsre. asEames the
i nst ant aneous vgl,__om ties of the flow tube and bal ance bar can be determ ned

by the pr&'8BeOHTIRNGOHRS bErassesizara digiiacesRentaxix 393 ig tsHeauiRiatiothe
f' OW t“beéﬁ‘r@fij g@cﬁlﬁgfﬁloaér NEHePial Frwe Frﬁ:ds%s]tﬁg%éﬁcﬁls indJdi&y \!nSﬂégfo{r‘\m%}f the

vect presents the peak atl ve velocity between t
corrponents of the velocity 25 sensor SR The instantaneous rel ative
velocity is the projection of the V~e, vgctor on the X-axis. The Coriolis

defl ection anplitude (or velocity) of the flow tube right sensor SR 1204 is
about three tines as Large as the balance bar Coriolis |Iike second



bendi ng anplitude 1203 (or velocity) at the right sensor, 2003
* evident by the 30 greater nornalized phase angle ~ , ~ba for the f 8
than the QgrdyRképed phase angle ~ bal ban for the bal ance b T 7.;1hat
the normali zed phase angle ~ ~~ bar of the bal ance bar vector 1s negatl ve.

“This is theuresubn tid dheen w;ram éﬁF@Uﬁb i@ermnsna sﬂﬁﬁ@ﬂaﬁhdmewe@@m above
the drive frequency. The normalized phase anﬁ e ~—~et 14 February 2003

, 1, V\mbw;mm@rﬂmg@gstlbpmdlngo@pdeéwva éeqwe@cyvb@tttbey appphaskl t he
X-axis is td 1, { ght
.velocity gé'ﬂggp%% a&ﬁkﬁgyﬁq%g‘égr&ﬁgng 4&?&@%[@@@%% %egﬁ?ﬁ vel ocity
sensor, Smaximam &ulidnines) EI:q.lrslﬁlhén ihad#rst thending vwesdels attrz@r@dmpla:demfeerdel ay.
The time dlfference leIWeé e voltage signals of th mSveIocdrha/
sensoPs i 3'9RGFHEF £08nalnG bofiR sH@ggacrerr@nw&ﬁemew@raagwheéﬁt&@ Fi gure
12 show t I d

Ao eS8 Wt im2kimlui ‘Bt h S bR d é‘rﬁ ln?éal V?ﬂggﬁé’s 'ié“aﬁé]@ ngenabl o

Once again the phase angles ‘are nor by frequ ncy
t he vect o#dn that lbtﬁmesl@'rrtgnhe@éatecofmee ﬁbwpwaqemsmfartam%am gefdaqmonstarean be

seen in Fi e the,fl t drive Jmde i nd 10 v C|ty)
vector 1B FEOEA 4 B8 S 1w iR DA GE5SeES AT 2 Ror03 o i A 380ES
of | ocati gmelehly, et Qotibis iorcsLane ¢omplie ndulcedefSictiionhatetat 4 maxphoml | zed
phase ~ ba has remai ned unchanged. The bal ance bar anplitude, (and vel ocity)

vect oP 128@AIiHGe A8 aIReadRIPIHARD fordrigwsect the Gasiolis eﬁw@@ﬁ dirair¥sdr and 10.
However, Hm'mé&@|ypfsé§5métzter gsth %‘éﬂe% Bﬁflé\b?udrgé;’seé'&ﬁm(esq{s Hgagﬁ) Ser,to

t he balance bar normal i ze ase angl e has rease nove
t he X- axi &) eitheman-upakrdsaor downwabiaﬁxréxmonz Adti this tirhe, thecredecity of thediber i al

density. The nornalized ha e an le f.the bal anc ba decregsed pecause
the incred&® Bf r‘?ﬁtaé‘rdlsaq ﬁﬁ g "écﬁ'sefﬂ@e& h@mfé n‘g‘if%é:ﬁanrmved
it furtherhawehefdinmedinsg @aham%s BhsS SROWH iIMENAIrE S VEHER diRssHi@dlly in
frequency. This resulted in a smaller Coriolis 1ike vibration 20 arrplltude

in the seaBwdtusianal the drixeciranuenayias tow e 3P0 invibrted sinuseidady im g dirst

B t

Bocause. | HendhE3Ro38%ehuben Sk BONEVE o ABtPE LERSEIT PO S
bar secondighahdThg arﬂa;smudeuofﬂm@qlmanttg/dxapmemdmsdowvueon‘ F@qmﬁﬁndaﬁsm n the
nmbodi t of, Fi d 12 25 that, th ed ph
angl e of SREUYPHEE B TR FhrtienLns SIS e FALY FHAIHESRERILE% o | oave
the V'a, aﬁrd.melé’%mhaagsmglrﬁo@@bhﬂé@m@@@3eo%e@au§@knéﬁﬁét Baﬁélﬁtgang! e.
The Vet vector 1205 is unchangéd in length as a result of the elecfronic

anpl 20 udemesieis slriven atribe resenanitiraauensy pbthadflow tuer And ke &ogghswquwiént i on
d i 5 Ufﬁn' ts 30

ﬁ(r)]r mlalnl g(ra'a&[)h.glg%s gﬁ%ﬁgé%%;ggg?fg%ﬁ{&%&{% @h%lkge Qﬁ%?%g an esbar second

bendi ng aepdggerdtedv th material density. This change in anplitude of the

bal ance bar second bendi nmode ed to magni t ud eded.b

desi gning t he BAPARE SRSy FRERare WS AR iR N A ESs a e

fr equenCyrééiJlttdehé(Edp%@;onﬁon 01ﬂ1é:ﬁ*§f yéﬁmnéqgﬁ/éé\%eaé 448 1Re BP9/ 11771

di stance away m t he drive node f uency. At 'the correct frequenc R
@Fé ge in

sepafat i oﬁeﬂwi@ns%ﬁb@ figw tufe. aleFingrEt iti GaR féeuse@n thatdighh velesity sees
materi al gﬁgglﬁg?éﬁg&@%%?écémsd LEBHE [RFNVTERR HirlsBP s2NYt EARBEGRd fiar B ance

bar secon
left sensor and its output voltage lag the phase of the right sensor and its output

voltage. Conversely, it can also be said that the right sensor SR leads the phase of
the left sensor SL. The phase difference (or time delay) is proportional to the
30 amplitude of the Coriolis induced displacement which is, in turn, proportional to the
mass flow rate.
The present invention involves shifting the frequency order of the various
mode shapes of the balance bar. The vibration modes are defined according to
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node anplitude the amount needed to | eave the V'et vector 12054y hg,\pg@b:,

«and 5 the sensitivity of the nmeter unchanged. Fig.29 |IIustrates how t he

" bal'ance bar second bendi ng anplitude changes as the material density (and

t hus dri VWOf6083%8ncy) changes. Fig. 29 is the sane as Fi g. 3DCHRBY/LIAE

" bal ance bar second bendi ng resonant freqruency i s above the drive frequency
rather thalnelbéhamﬁmnomgelrrﬁrqqugngmordq«ve firgt banviagirodewilkhgreaftechei on 10

\r/ﬁ“o for Ei*é‘?ret&a{oag%%é)tasrhfo g\‘r?r gﬁbe@%%b% n@ﬁ‘w :ﬂgd?rv\bh’Be o"f‘?r‘i’é’ency L
ere the vertical ‘Tine o &nce Dar second requen
.intersect shabesslmwn/m Higues 51 rﬁesséfhbrdﬁaisamhmetrteamo@ecmn'dbéﬂlswq’uabﬁn tﬁerl olis

litud t h b t hat  Dr F | t B | B
2a Apl { FHARESY Of 1945 DUTCY PeS-3GR QEF!GOPSF BpavpEassr! PRl 5% or 1 he
bal ange bajcsrg #@ tlheé@il(étqwﬁemstam@ iHehE céﬁté#f:n?ﬁe wc%éﬁame%dwhgg kg

frequency 2. Drive Freq. 2 results in Bal Bar 2"d Anplitude™2. In Fig.29 it
can be sed®deRafltas the naterial density increases and the drive frequency

cecond bendi ng N EEDNERIBHASAER4 BrEiE HEWHRT o ARtct R BV aase™
t he bal ancsbratys imethienfitsbeantding neogy arﬁdltt&;ks'a’rb}&espoﬁsegto @8riolRotdErcorR thdar
Sl ude 10wt D deiEs 8 ETowsoABIok G Ml bikesSPHoKs raemety @it aweo a
magni {gide Ry Eufb% @@ﬁ%%d%sélﬁneé bfaheoﬁ%ﬁﬂéae%% yeleHalry 6M§%ﬁfeod@m\éﬂ)

because the phase angle is ne?T Ive, decredse 1n magnitude 1s an
i ncrease |amdprtsté:zalamce ber 6aParte swdid llmeS@d':lFugureeﬁ:smws fibwduba 60t ase of

bal ance b has R of negatiyve,phase h ensity

enabl es tﬁ’@’%&e 6@'( g@é %ﬁﬁqsﬁ %ﬁ%ﬁl %?T?\r)'tl ghéé{hg’ﬁ%@rs@?néjga phase.
In Fig. 23dn@é) modEiWith Brfhterﬁé‘lﬁlodvfrﬂ@rmsldbﬂ@ﬁﬂdmé HeSedradr BalhAEe dagboen’
shift in drive frequency is a function of the |ocation of the bal ance bar

second reS¥nBISHTY Peqliehepshifd ineeshrk the BowHebeenddaancguraatdae outwarke

separgfio I second anplitude ratio
W th Trarézatt eﬁxg%tég%gﬁr \A%tlgm% fggt %’?ﬁ? ﬁg (é re%u‘gﬁéy separation is small (if
t he Baf Bar 2" dzlgumﬂ man@chrcbagramedlst:hnstdgathleenbr)ailonmlemldtdntms:gmgatem t he
frequoncy DR AEMEHTBPALS Rl g o tBbr HreBiIPRbusaLet RERr R R e ey
be set to mrvﬁ@mmmstm@tﬂdwtubeemﬁé righ® velodily EEREAIBH i2Péor 103’\0

00l 12970 PCTN899/ 11771 I n sunmmar it can be seen in FI% 8 that the

bal ance bavhighprea Iaﬂwn@ph@%e& reRIeaL R A e beiveemeier @3

Cori Oi dtﬁ%tr‘e akid ?ozseﬂ? qtr?Wf Lubsr 1088 x%s@ﬁ&ﬁ%%e‘éﬂ%@é}f e bar
secon bendi ng anp |tude resu n-a decrease e negative phase of the
bal ance bambnahbmamphtwdetsmc&ﬂm@ware prépartiond). ng:roleetlcﬁwamsme Xrous that if

he d h d al b
vector 1 o 1aprasmetE B8 rasiBnEn R fe Velotuh VRstoretta A e ATER G otf SRR
unchanged jh phagE TRdrnZagds PD2sMcante dAMrideUska- is Hot affeBeaDyithalgandeatedow

sensitivity of the nmeter can remain unchanged with changi ng density. Fi

29 shows iqlisdorresnadhe dpwdebend hedraianee E%VQQt%bOQﬁaﬁﬁ‘@éVmﬂ'Pﬁngﬁm 19 y
10 h

Lo - odBL AR At AR RCY, SSRETLISBI LIS IO R ATERARS

proper pl a:c:aememoreflswbetdlaloanamcbmsszaplmmé bagidldmge, re@ssenmmgftheqomtmyedt o]

design a ro t er ..havi n bal anc IOC|t vect,o hase ch nges
Cre O o Vel AT bl s e e g g LB b St nir oNala Ao e, BEF o
density Cfb’ﬁm érblﬁ dﬂ@ﬁé ﬁghtlé‘_érﬁro‘?@#%ﬂeés AR ;SHH%% a@@ﬂé ritgefilioav neter
that has a flow sensitivit hat is not effected by material density. The

present i ra)@rrqm dnet rreadrt@ﬂ@mm phsgse anglerieodimeter sensitiviyés dud taithedlack e

Phe- other TESECHI draRe MR UEHIE BT SMle ol ¥ frents tho bal ance
bar second 20 tragdrwzmaﬂm 28 anxvedterddibyrdme fé0a ptior 4% netaét BLlin@aiiffarent he
flow tube. In _both enbodi nents the anpbunt of excitation of the bal ance bar

i s a functdBRlityferREoschertaa ehnnga Wé@ﬁtecfﬁédgéﬂb’ndAPQWﬁPn PetveRMEe and
the drive e r 824 chosen
such that'$%%&?§§ﬁ%§gwgﬁgﬁ@?Pgwng gsg&%PFﬂ%e |nd%%$ eﬁ?ggpsnateria
density. 25 Design Details The precedlng description has dealt with the
desired rel ati onship of the 19



second bending node frequency of the balance bar to the first Renéungy pook
drive frequency. One enbodi nent has the frequency of the second bending,

node | ocapgslodpbfv the first bending node drive frequency sgctrli@gs,g,rlml met er
flow 30 sensitivity does not change with material density. Having the

" second benglisids TR & hift nyedlfén@Wa%W@elf a§ ﬁbwttaaewﬁsavdﬁx@l@wf@ fHeequency
is a unique situation that sone woul i npossi bl e. The design details

wher eby t hmbsaS%a@@J@éﬂmwas'xﬂiéwenonpmahzsd" fOTﬁﬂeqléﬁd}ONarWhé\OUBS Ve @y 52630

PCT/ US99/ t o] f a

vibrating Deaegsd iR A QUReh B iné Sy FeBSeRaE TR noiRiEd Bhel 2.

; requency a:;agl;a&armrl%é&lu%tangﬁelay- %nc% QR riots éorw]?an?ﬁgxslphayaiem%lbasé get t;le
requency o con enal n e W I rs enal n node rrve

[ f equency, PORRHEREET 1R 10 EoSHATEY: BerIRMEyAOGPOR AMOLER GiEe B HER 20:

raise its haé?én@m%mgbméuéﬁéy Ve hRAAIBRRYPIYS é@gggrof'tﬁé RACRME O

bendi ng node trequency. |ncreasi'ng mass and Iomerlng ring rate

(sti f f nesskigidh is therafera equalde the nermadized pheselange of ﬁ@ 2&stondne semedfiemcy

i vo. 1 eqaeh e ety BEnE KBotwIhaadob S’ < PBMEl e B TARUR R b

nodi fi ed iflovanester Waeing  fedativeaMargetiicay RitgnvédtoARTE3 iah dad eelBTidsly tshadll t he
other. Changing the mass in areas 15 of low vibration anplitude has little

ef feciO Li W‘%% béﬁé{ﬂ@tph§7@§ pefraudts fram g Waéeiréadé'la(yfng @\l@%é‘ﬁ@ﬁeﬁ'é' feRElt: has
littl ff ggckge t
d: agr :mi o?ﬁé Hgﬁ:‘tlﬂpéﬁég?ﬁ %g%o%%nﬁggﬂhh% gg,g aI ance cﬁ%qqgg(l Fen

order to s@?@&wh(ledveb)alalncerbairIvectseemlllxberadhnggthm)dexw PHd2=nsdidseai ng k in
the first endl ng ,no al ance bar 130 fnes red in

t hose areal We?’ggllet Zﬁé%d ﬁﬁvﬁﬁ%ﬁ?ml%fvr‘?é’ ‘?rszdtjpg’ ?’hégﬁggf'? P’EFt%éﬁggng node
and hi gh iRaifg asetedy dfendi rgdmthg Pashadlizddghade aﬁglelcb wiﬁh@éﬁ;ﬁé‘cti@
and 14 show these two | ocations to be 1306 and 1308. Loweri n

stiffhess)the, X'@?"Sb%T%céX‘Ea?rmlfiﬁ1h‘=la'ﬂ'“4%%w3@%% Ieeéloa\hwaéwaﬁge b|a|rt tle

effect on g Figure 7 3 25 since
the flow t%’ﬁéhtpggﬁg gﬁ/tk%fm%gﬁrt%dl gﬁi cé}d%as a e'ndi ng nonent in these
| ocati ons in thieigire 88 |$)em¢|ctng diagiam flShth;a, samnéfovnmathehamngfm@em\aly

fr equency. STBIAOBUBE SrapiaiRe Jctef opiEbnly X rellyBho HEES BARER AL HEY e o
hi gh bendlmmﬁtmtndnbmtémxgh@cmweﬂmmhag nFee.flolitihe VareF Vg, haga
stiffness or. spring rate of the bal ance 30 bar at its |ocations 1306 and

1308 RBwerRonMIZed Jlise Rl ibiiua g iiioaEPSGtdq dBa &yaxis RBO2nJ i balegre bar veskruar y
2003 PCT/ Up99/ 1pls 240, dhgsd hdls égﬁ&?&gé}ﬁ iR thd X&04EB8Y2 OfT @disﬁsﬁgrofl?")l

can be rai s&4™by increasing its ness in those areas where It s a
hi gh bendi thgsedworvectersiis thef veaior Wen280g hawihg aindrmalized ahglesafabpgd Windi ng

node has a_ bendin nn‘gent 0. Line ij.i gure 14 shows this

| ocati on t@sﬁgg{f@%l? ﬁx‘sn@%tﬁ&m@g%ﬂm%géq@ ‘and 14 indicates that at
| ocation 1307, ked¢enparibgihelistlondiagranid ehFRens bravitoiRitlof iFiguies2d itfcah
bendi ng mode of Fi gure 13 and a | ow bendi ng monment in its second bending

nmode 8 F.l@%ﬁeernhafrthaswor@abé%ﬁ%sq@@frth@rr&ﬁulrt%rst Wtqrr%%%‘iagédh@ﬂlghmess in
area 1307 3 .qut AYferfl hb?ﬂgﬁargéh\ﬁ ftﬁ&% S)fzécfj&‘bégsérﬁf'%ue[‘ ?98&8?'

bendi ng no equency o una omer t he
second ben280fohbidriré Qequeawamlalﬁlcrvesbgmateroderimtyf |Ra¢allhag1d1atghemde

frequency, the mass  of b nce 1 can be i rease i n.those areas
that  have RYGHRIBEIRNERSCh e (a0t eRIOREA ALY HreaT B3] BUF ZBsioa s n
the first gggd '&%@Uél%cutggéﬁsdr%f'tl‘i’@ﬁ&éd&"ﬁe’d ffR¥blerof chh B 68sdrded fhat'¥ SO,
decreasing the mass at t line ii1 portion of bal ance bar 1301 on Figures

13- 17385 rHoweeteneperating wWithaynaterial ipwradowenpansithigas beeater semsitiehdi ng

i 1 ude e e PR IRMeE SRE8 R MR % 4 R ot d SN e
vi brati on Ergphithigdecdroalsbite mmﬁhdt bentlle wetlewtsté Ovhefentihisama cgneE«egure

14. Thus, renoving sone of the mass fromlocation 1307 of the bal ance bar
rai ses the drive frequency but does not affect
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20 the second bendi ng node frequency. Figure 15 show ~an enbod, hS
desi gn. Bal ance bar 1503 stiffness is reduced by renovi ng nat ejlr{rg&r#l?&n%oah

' port'ions 1508 and 1509 on either side of its center region el enent 1506.

Thi s rai SW© 00H297dri ve frequency only slightly while it | onwePSTUFEISEEbNd
‘bendi ng frequency considerably.. Mass 1504 and 1505 is al so_25 added to the
bal ance béb%@ms'%\atysqttpetoamp%édeéaméhaagef@rn@%err@@t@ﬂaliaﬁwuaﬁmwm

Thi s | ower, : : I de frequency further. Mass is renoved from
t he centra‘i?r %%ﬂlﬁﬁﬁ%ﬁbﬁgwb?%e al ance bar 1503 | eaving a void 1507.

Fi gure 16 showsThehembesdimentrg tise pvesand devestimpeshavd i Biguee Tprokimlss & he

15 30 P SRS E S AR DEHBR R (oL EoEREY el P e e
1808 ad XPOELARIAGHAR AR BTN, Do ChrbfORRRcoTNRoIRTRRS T Gloc o e

18 is simlar to that of Figure 16 and 17 in that it has a center

el ement 1888 exniteartheisecend beedingtmade s the iFalgnce bas 60Rkey maywfdrase bars
enbodi nment h : 00 i 0 1177 i a
reduced rre?sdssué{ﬁée]gé‘ﬁﬁecorfﬁgéﬁgﬁga{ng@éeﬁfeﬁéenga%\gﬁg%ﬁ%z}ég\ﬂsg@gﬁgﬁ al so has

added nassesoh8®éndird hods i praparidhal th thé Coriadid eidflavtise angjlitbdeg of #oWwSs.
1808 and 1809 on Fi ve reduyced stiffness

Fl exi bl e he] | i h
compar abl 4208 01 difhts 15 pErRRiATE: G Tom atgtn dTore atenabes vsRten SMPUdSs of
the” eftpodigrantarle GarBaMALEbcSREMSLriding At bATAIEVE 1] AIEUERRLBAR baver

the frequency of the secon endi ng me manner as Is the case
for the ersgpdratian betiveBngbe éirstPenting madies(dgivef raquersy daddhé bathrfoerbar

Figures 15-1 t best, bring the secaond-bendin de frequen of
barance baeteadSoaBlns e debdihrt HaskiRehg 1hEudotel Focserortbetys Mors, can
be illust rfedcrénby chdisaibhRace bat id faethednst Béndifg $esde (driv) fidtfudilamee bar
1503 has no mass .and the reduced stiffness areas of the bal ance bar have no

sti f f ness.Oreater Wilsbadhe vibkationat amplitude pbthedhalpare bagin 85 seeond &epdingnce
bar b : ; I : i WO

ndephdenmoSEP TRttt SHoRAin i a6 ative S RACERAY Brapd EFYED
nmode shapeibrationélerkplitudeeatit githe 2dlancelbehin @ secdnd beadimgdmbdadiivigedode

h 15 | i ke. Fi 2. T ' di {f in the bal b
hapes betHalE ST EcRste R dRLE LR Salitthe ibce biksb e el BrRoRe
dri ve nodenedfie (i) dredfiientPant Wee balareodrBoDesdbBrRNBEndingImaHE resodmse
and in the second bendi ngsggg%%fpa%%ure 21 they are qut of phase with each

ot hﬁr. ﬁi ﬁt%q%elﬁ‘éYba'rhee’?él’é' Aedatig between tha Hsx heading B1esigi p wi t h
_ =C! . 7
eac ef(gﬂ@?ﬁ%%@ afrﬁ! ﬁ%%%cbgd%%PHthﬁs%eggéng f@gggﬁ@n%me Eﬁlﬁnc%é;e

second bendin phase) node o ure 2 Cy equa
the first beendihegy gkis PHaepyesentie thef amiplificatictofaciireofithedlonitdisi rgspbrse af e

may be actiAdEe b9 a0f AR RaR s & ThE Sl F B ERne Ilichdin Rele e 545 ' That
it has | esg0zisidtfaeaginuimivitersgeontiolridbed tﬁ@d}ﬁv%re%cﬁmwraridﬁmféer@hd

bendi ng node. The essence of this design feature is at_the bal ance bar is
made ext r &ffdingmode resgeap: fraqiencief the brlansedards it @ ndoe Genelis indogednd
1509 Fi f j o ; .
The et ot PFoReoo0f ¥ MTEbadRet bol cpbRased RRAR AT IR I AR e

vi brat i on ratiplaf theltwoe &regoemeesearFibatead becbme dre@ferahdnf1.0wTheb@ofidil. The

bal bar is 30 pade Stiff, | I ts 1511. .This has the effect
¢ amovi ng (REPERIREl T RPARRI aF R RETeates Eain ESDaXERBTLEn KR (R 91Hhethe
spring in thAesqlticiddPBecsied kak thBg onRl i Ng is adjacent to the end nodes.

Moving the nodal |ocation can then have a significant effect on the
ef fective sprinycragiscore seen Famfigure &rthagthe slope éthe supve20es sierp®a970

PCT/ 9/ ' ' fl t ube. .and balan bar . 1503 have
equalu‘ﬁgr i %Zﬁrﬁ%‘é‘ e\il/.'lct? aa@l g#%ﬁéﬁ?? ﬁﬁ\évg F°U’Eie¢‘b?g%5§&é‘ﬁgmf’§§ %@ﬁ‘g CE'Q%Q%?"X bar
dr ibve Uodedﬁuelt)f!r@qu;jmymrbﬂhéiui@ bidhet @hiangetih tie vetdhdbBRdingZ@baefdraplitudde
vibration &qﬁelbta?anede tlJrgr iPt?\te frequency ratio is near one than if it is further away. It is

this change in slope of this amplification curve that is used in the present invention
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figures, brace bar 1502 has a stationary node plane 2201 bet

- 1501 5 and bal ance bar 1503. Stationary node plane 2201 is a""?@%&ﬂ&t _ Ztgﬁgn
pl ane and wphpatey W th neither the flow tube nor the bal ancgcpPgkes/ i

Fi gure 22, because of the equal vibration anplitudes, stationary node plane
2201 is | 0Q§fd%@'erﬁﬂﬁé%mﬁ@krﬁéqhéhé{‘é@%aﬁ%%%ufd' toirf SRfer s Qledsly Bah@ice
bar 1503. In Figure 23, flow tube 1501 has a much |ower vibration anplitude
(and a | ar dbe chasgy imsangitivibvhdve tevibyatinnnamphittidy ratie ehpnaaangaher ¢auseace
bar 1502 is |oc . : [ t. ) i C&:

the system are. ciieay Rl nasgfh bHBTadnrd i oo Bre g ieBig el
bal ance bara floOMeter hangng edlat ealibratioatfabtioaand kansthb AowTden sitivity fer material

ef fective s&ri n% &B bal ance, bar 1503 of Figure 22 gives it a higher
effeptiﬁle d W Plef eta{y ®PAiFonger effective spring of balance bar 1503 of
15 Figure 23 WiGufDP isfodtdnERIMBEGITERE Id ARicAthBHAGE: Bar sdoafia T esi ding
in brace bars 1502, a higher flow tubel bal ance bar anplitude ratio results
in a short drenging stddef resorérfitdeequendysaib detoy tha drive fraguercy but is isafficieritiywer
anplitude ratio, .JThus.designing th er ..s hat i t. S hi gher 1l gw
fube! bal anclae MAETRAEiq Tral s Behigdioncrp 166 Bua Bidele fH, 1
t he Cori ol isgcaAd Weh fodie OBGSisCiKe Visgitibhs #0tHebdlBRcEDar Ol ghisecond
bendi ng made having a 1 ower resonant frequency than the first bendin

(dri vel0 nognbagimentdheRplasicakarisacond bending bede iCsricdisdiker \iratipas aag ithe t he
ari de i ° _ . ¢ : )

member s, | A7) e CRHORRect bR HE b BEpfde yITRACR o EE, ALE LR fd N

f r equenci eph@apdftthe flomutsibefv@lodctydstrtasiright sgndmalhmscbed s2iné lsignnet the)pHasen

the foll ow relationship,is trye: K Kbb M b 30 Also he | aw.qf
conservat i @29%? %ﬁ%}%ﬁ%ﬁﬁ\%&%gz atk*/ﬁ9ig%5%§5’r3f‘s s W%QE%SFT -%0?5?)"59\535%
00/ 12970 PGH B5IBIh&¥i6htdte sratHiebaRANE bhf ABVE BRESdY WRoIsdWhb Bato t he
vibration anplitude ratio is the inverse of the mass ratio and al so that

t
the neks r StisRlacermest pesiier at tha tigeshetdriver isqrrassing zepp. Thig i a lerding A y6
M Kr Ther I : o] i i [t ude
than 11 ow FLEECIuELe FRLRNTecBY a bkl C gREaflel 1Ha sl byl HEp
stiffness tthlad phsefdngle isGpropbdionBhéo the amplitudguwé tioy flow tuaese@ordiisve t he
Coriolis segond.bending nmode freguency in the follow ng manner.. The
U brati on” SROBEISRG ik aBdd, P Eiiant hAT RN SRR S UB P T R0 A 1501
and bal ancedi@icel b28s CoriBRE 6k aerblitdde i itsSsbuMe BBA IR Mt al 3BA Bebsdenlin03
and its elepents 1511 heavy and stiff conpared 15 to il ow tube 1501. The

resul t2Q s tfighre YHBatsthe paaaes babdehpresmkeanatherflpwielke gad erdwnces the 8w t o
bal ance bar, 3 I the spring rate of bal ance bar 1503 (in the
drive node)se#iégﬁftyigﬁlﬂt%%e g‘rs'i olis second bendi ng node, however, the

anpl i tude rati o FigureVtiste. vether diagram dorth€mmmivddimed fof Eegurer?. amghist ude i s

| ow because i{ i.s nat,bei driven at its resonant frequepcy by th

cori o1 5 1 arabodidiowdhaldnte bRE Pelind bEudiBSSE i cbRRR HeHuRt i B i <
hi gh becauspe driveiffedifinty. &etbdiBinivieldive @bd®|is ShewhlitiHeOR-0fs Whigitheupe
1501 at_or near its second bending node resonant frequency. The flow

t ube/ B ancXinigrtheiimaginasy axisel (Theu¥ axig eavld glsore ampliidessisee ya@citeabAng

node is th r Skt tatl I to

T ow tube 1EpfisBMle LiSehBnaip By M) TBESURY RIS v BOLRO a8 fu g

][ he bal aﬂce1 1m}4rha;$)ai leggthq:repdémmialhm he pEak '_ml/_ﬁ!lo'cisy @(z}mdlitbelaﬁlrgmgrmg_e.md'm.z
owers the secqnd hendi ng, node freguenc e Coriolis 0 endi ng node

wth the T RRATIAINE FIoMG 4% e BaRnEY ber Yelpetouctatd 18 e une - PEBRGHT on

anpl i tude rnagifRwW it 4 highbPOIPATiNS afplifiRNHah $hé BWldrdet g, Gid ol i s second

bendi ng node, the bal ance ™bar springs (which reside in brace bar 1502) are

stiffe¥030 iﬂﬁaﬂfﬁﬂﬁﬂus\/\@_lwﬂ@ phihe flewithlee and ibalansedy e e datenminastiey theni s
enabl es t h.eprB]ee%"?é@I l&\%&pth@r%ectt&sagﬁ H%l J()éxﬂ*qv'ﬁneasLr%v\gfrth]:arf%Wﬁ%%yar{cpan the

first bendi'mg’drive
balance bar velocity vectors is V,,, . The length of the V,,, vector 1105 represents

the peak relative velocity between the two components (magnet and coil) of the
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35 14 February 2003 . .. WO 001 12970 PGT| US94/ 11771 I n summeiypadrhst 084 €
: fqur design features that enable the bal ance bar second bendi ng frequency

'to be below the drive frequency. The first is that the stiffness is | owered
on both sWReBZP7G ts central region 1506. This |owers the b&CIAEEYHHY!

"second bendi ng resonant_ f uency, This is.done by elenents 1508 apd 1509
whi ch are_%'%ﬁwe@saﬁﬁﬁaﬁga{r‘ﬁafﬁ}a&ﬁPPﬁéG'PHY%.‘/%&ﬁwﬁj, & HEISTSE O(f)?'t'ﬁbghﬂance
bar 1503 ivecistdtedton thé Msagignt ral TREICYNONS Rflabton BATARARR of VeRditAt &l ¥
outside of the reduced stiffness regions 1508 and 1509. This raises the

drive fredhedloy e nadwaensoneMhig abewt theae Yoesms IBegrianhthendrianee Bauency.

- mueh o tieerio e hod BPOR ek oh gt Bebt TSR SRR Thiar 1502,
Thi s @usesiddit dyahanpeatarnanralingd ﬁhhéé aagle fop the towrube fdipgt ithan dr thbe

vi bration anplitude ratio between the flow tube and the bal ance bar.,
. Fourth, tH@la4ebayd nass ahbe anple priveesithe \ow VEGHRE 195 RaNHerERISde bar

1503 is s Vi j j i i
ube/ bal ania Ty pRded Bas. ) BY M AR R oba oL Mo velogty
15 bendi ngemsdg.SRhieadaltheveere hmosisaigaridbe hives etTbadef galdcity semsty, S0, (tnte a
resonant frequency.sljghtly.,less than the first bendin drive) de. It
my ot bATROEEaa IS 11 Tand g e B tnerBone hlbmgfAH LA ERE ¢ e
bal ange baforffetigad phaeausfieserice Hedwbeh eive Vbitadl sigRals' FAHENRY veldcity S only
necessary to enpl oy enough of these features to reduce the bal ance bar 1503

second berffinsgrsisdeertinaggiehayandis rropertisarbie theemass flewrfiatyuency enough

t hat the fIOWSﬂ{bs' LVl 4T, ' ' : '
density. The ot erHé%%%iwﬁg{notrg(@FF@?M&E@W&%n@ggﬁggﬁﬁ‘?%sﬁéfﬁnga&ﬁ% Ithe
second berdbnsityimte flewonstet. The phese wngke s racedtneticve (dikidedtinwfeedusagyency,

is acconpl.ished by use of th a desi gn_techni ques as described for the
(rat o5 dRBSADIIS VaaBro P frerbre s pe Satlerihan 1as 5708 5aPhs Ghbnd
bendifyg r gsignant 1 tHe AL etaRe Mode Bﬁ'gﬁitddla kend @MBEIRY vastoiab4 Hals has to
be | owered Sonme because the second bendi ng node nornallé¥£as a resonant

frequency desraaeaf firghocatipan 1t1RdodtioBewvith Kpuieatsaserdnalerial demgty wiilg ited
anifi _ ol . . ‘

arfve {1 eqiipel PhalBh fua e aib AR3nANodd S Tho Tl HBE praloP wRRCLT

enbodi nentmeateriat deasibsshapgeid thetsamppkyn pribeartoheteheaslean dgpe geehini ques) or

t ly t [ d jon. T di d i b nbadi f th

| nventi on AV Hoonr b Pnare oy 22 FPRIRgRITS Biteag erea B e 1ot e ance
bar besi deFighe éﬂB.OWh‘é%@anEBib%rEﬁkﬁ)lihﬁﬁ‘ﬂa%@_veld& QBEWRMY020@3 increased in . WO
001 12970 PCT/ US99/ 11771 done only for clarity of the inventive concepts.

The pri nci'prE8itegRItatat @l the anaes yeetor {11 d0iasviBirios Rrapeleyse fiexeverwbliket o a
si nal Cr i o ) , LY

(Fi qure: 2o e et o MRS tnd blinBe SRTE PR el DRESSR00T, |
concent ri chaminaressdafirsm $hgprief erLed, evithaiierroteass in heatsiial glemsBy.sthai ght

tube with ntric bal f Fi 25. Fi,gure 25 Fi 26, f
cllarity,  HAVBARE3a 2 HEo! % ReIRP Por vepived 14 i8R S hBoFrENs Dbe can
be sesn. FihgiHRedn rh§tetriféﬂ?d§h§if§ Rileréd thdBe FRUHRAFEQ dindEAbved M@loser
enbodi nent of Figure 25 is simlar to that of Fi gures 22-24 except that the

bal ance balo thed@lancebaceacendbending anersesopantiiequeney: ubds seaitedsal@ance
The.cent er S G a B aRptdss i Nen BLAREs bR Betiting ot 08,40
2507. Sectlaeger normalized phase angle ¢y par2 -
The key to the present invention is that the change in normalized phase
30 angle of the balance bar vector 1110 is the correct amount to leave the V,, vector
1105 unchanged in both length at location 1111 and normalized phase angle ¢
from the V,,, vector 1105 with a lower density material. That the V., vector 1105 is

unchanged in length is a result of the electronic amplitude control of the meter
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2508 and 2509 are of reduced stiffness. Bal ance bar 2503 al so fg5Red¢9003
- mass el enments 2504 and 2505 corresponding to el enments 1504 and 1505 onh -
Fi gures 2224 ook design of the enbodi ment of Figure 25 pepgirhssob/ersecond
bendi ng node 15 frequency of bal ance bar 2503 to be |lower than the first ‘

“bendi ng mogkich @ fol@l ihRAHIRE Prevept MiveMiideand h‘?%ﬁ@ﬂﬁnﬁ\ﬁé@ﬁéﬂm thewer |y

described for the enbodi nent of Figures 22-24. Bal ance bar 2503 i ncl'tides
end sect i oveStoBhDSIsHNchangeddr the oermEsioed PhRge RO OGS d$ teresaiittddnerent

fube 2601 dENdRiin s BRRCR R B 3nd Rehiffb sipad ot e SbaiF Rinddifle | 1
but i nst eadith aratedairdeedityp Wnisishdrigenin (Curicis likalvibattigo ampinsde-of #@15 and

2616 from whi ch fhey extend ward, until th make the transition.from
o D BAILS e bededatd Ben iR Biscer s sizedo 35a B0 oL BSmLRS by, d94 13806 of
brace bar : | 8 @V DI
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path 2423 to driver D which cooperates with an adjacent nagnet Mto vibrate
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and 2422 to neter electronics 2420 whic rocesses the signals’in the
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mat or ol " dSA gy the BrdpeHeSbEA! PlchofP g RalsbcRial A S By of
sensor SL moedenibyhtions anyiitudRobzerb to batanice éhe Rewdtabk! rliareging the fluidt h t he
magnet s being.designated M and attached to t | ow t ube pr.oxi mat he coil
S0, anchk i U RS RG1E WA Reva Boalfecl B he BN CHBTeI fatdE o
simlarly pesngeahebaldride Bar Vbeeibh @Mplitudl woBlatretith Z2ROWAY tie Mpartabee t 0
nmeter el ectronics 2420. The enbodi ment of Figure 26 simlarly has a driver

D, a 2@ft a@plgdeandphpse eyl resaig gnctemgedi | not shown) in the view of
Figure 26 sinc %H&g’égaﬁ?ﬂxcvrh?{e?%‘a@w&on l§$§§§aff§rﬁf$§rfr§g«a§§yrﬁkme

presentation of Figure thrs vie associ at ed
with 15 sensavierShatibe flelotube weitidfltid ethe dval arcenzamenp iMuds s wlecitywedtor

dri D (not_.sh d the right-hand, t i ated wit SR
(ot - shownPria) VB8 Small- sHvandag BligaRney Rentanly Enghacs e Bhoth SF88G « ha
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preferred enbodi nent but” enconpasses ot her 20 nodifications and alterations

wi t hi 85t hebalepgr banwelogity vecter remainisisrealt i Ve lepathept thediow tube velpeitary 2003
vector changes the same amount as the balance bar velocity vector but in the
opposite direction. This length change is only a small percentage of the longer
flow tube velocity vector. Because the balance bar velocity vector remains very
smail compared to the flow tube velocity vector, the change in length of the
30  balance bar vector with fluid density has only small effect on the phase angle of the
net velocity vector and the meter flow sensitivity.
The change in meter flow sensitivity with change in fluid density is greatest
when the drive mode vibration amplitude of the flow tube is approximately equal to
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v ~ ~ . , a W 00/12970 PCTNS99/11771 CLAIMS: 1. A nethod of '
“Coriolis flowreter having a flow tube (2501 ) and a bal ance bgf‘ﬁ?%g%? 203
"orirénted substantially parallel to said flow tube; said method conprising
the st epsWO0V129%wi ng mat eri al through said flow tube; 5 vi BCAYH§1EHd
“flow tube and said bal ance bar at a drive node freune,n(_:y substagtiall

equal to tie drikesnade Viralinnereplityde Shthe balanteddar Thinds e ea$e BlwstraiRd wit h
terial f i iy iof | i

of oai d mEVare. P Al e Thr FEHENEK BR Ao R Ehd AT e Ras Y

.sai d mat era greatéovibrationiamipitide thaerthedalafos bat.i b Higl P8cthedhsd hassahigh

vi bratin | ow t ube, i respgnse to said terial flow | nducin riolis

{1 ke def | 6ot &ndiing helena btests aer Yiration PowIRide LS foWeebEnds ¢ o
sai d @i @ahsedafly 86tde@RIrath tsaekidurewitadRs dHrindeGathOphaskidfandefdtect i ons
define an induced npde of vibration of 15 said bal ance bar having a

resonant Mekwityruactesiis 1arge dechyse bothethedlawtubg velgatnvgcior agsh thetwlante s

defl ectio f 1,4, 51 ow Qs e e j t ' [ olis
ke et | 8t VeIRybeatdhindito bnigg e amddin IR W o FEh IR S &
change in densilhsupimasi, tharehangesin ffowvehsitivgy dtiaits aaHamget iantibitiop
constant fl ow sensitivi tP/ of said fl oweter; 20 sgli d met hod further

conpri si ng"”f'ﬂ’n'éug? &R0 v 9 e@tﬁ%?"’gﬁﬂ e ¥iRyAHPR ampidyde ohthe balepreaalts A§2kai d
Coriofas f ' T L AP i | N d=Si | d ; l; QNS
of sal8 pariaF D hacRlichrtioh ol RGOS, Tsiiafloetn SRl (Rale
flow i n r edpEmthe balasaé dagenmptitudieds vefy smiall compesied.to 2he Bmepliteddof thed ¢l ai m

densi ty ofSukiifena bt RBlst IepdBhee inst Mibe hal? kiR IoR @ dud RaGe” "
Vi brati on aaays bede midsaéy Srhalvby &idPRAL Heaalthssétshdraicang @ deaibld.2503)

to change the flow sensitivity of said 5 flowreter in a first direction and
further td s mipirpiges the edeyal e phangingyibratipg agan!itede ratie withifividde of

001 12570 PRRL o SPEgBRE b MBigi S OF 1RER fie ihe baes Rlces.
the flow shiveimopdetwbratios aimplitudewatio @haingedos teofiew diensitivity of dpp owteeta o
o oGBSy A S8 of Pt Pl SR M Yalshir iy
ef f ecti ve the opplsiy elireclidroustiedrifd mudeenBidtion dmplithde rafio SHapgas! ilethug
! ndependerg utsgfu(f rt]cz>i rgggosgniizrg tri%trglratitiglwsrf\ilpobvét\?vgg?\it}a){énce bar mass and flow
20  sensitivity shift. The balance bar mass can then be chosen so that the shitt in
sensitivity due to drive mode vibration amplitude ratio chahge is opposite to and
cancels the shift in sensitivity due to other causes. One such other cause is the
change in sensitivity due to the change in the ratio of the Coriolis deflection
amplitude to the balance bar second bending mode amplitude with a change in
25  density.

Fig.30 illustrates how the balance bar second bending amplitude changes
as material density (and thus drive frequency) changes. In Fig. 30 the X-axis is
frequency and on it are vertical lines for the drive frequency with a low density
material (Drive Freq. 1), a high density material (Drive Freq. 2), and the balance

30 bar second bending mode resonant frequency (Bal Bar 2" Freq.). The Y-axis is
the ratio of the balance bar second bending amplitude divided by the flow tube
Coriolis amplitude. The solid curve is the ratio for the balance bar second bending

amplitude with the light material having drive frequency 1. Where the vertical line
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3. The nethod of claim1l1 further conprising the steps of: sai d4qFabhlyf 2003
- tike deflections of said balance bar having a vibration anplitude that

changes i / wi th the magni tude of the separation of | i v.e, mode’
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direction and in said second direction being effective to achieve a

subst ant i BPAYENYW IR FRSRe P S diive ireayengiesaiidhe seratation isyaigeath®ange of
mat eri al ki ; : I Il - Sl | odi C
Gor ol 1s Shtféelrineldiancd bar sfediid iistatb Mith MARIE Bensh) & a6k, o

regi dfis ofhededdusrtdycrepasatien s smakh (itithe BavBan2T &reefline wara meedditodbei ol i s
i ke defl ect,i [ sai al anc ar (2503)_have the, 5 sane,nunber of nodes
s card pastthdfEndhe RReno8 T S RRRe Yar akedR A e NS IR et hod ot
claim 1 whereilncaaitsk sé&pin Aly. 7apanthet elanoPbht dekedtondaiid seebhalbendirnge

defl ections includes the step of inducing Coriolis |jke deflections in 40
14 Febr uafpdgdeaks like (orighs detigetionom aygeepnd tiow tele-d THHS ARdBctsase (2503)

w th sai dni i f .t . i ve
' cquoncy = B BAr TB0End BEh B ar BB Tes LA ET EreBR5ntHaBARE R Mg 1
anpl itbudebaiansabar @sldcityivectdrishosiar indtigi bhs Figadliuales shbes dhatgt thie i nduci ng

Coriolis like deflections in said balance bar 03) w.th sagid i nduced node
havi ng a VEEGTRID AT SRS RR fogs DL PLR FlARes Bl 10D yotuhisdyRe FOreRe

net hod of agoahtNtAemties eiedveldcRy FbEBr eanireta@REncItariged iAMYrinaliged phasai d
Coriolis Iike deflections includes the step of extending forces |ndicative

of said pBRY BEIRNtUSR-i dhissmgans deatitordiovt epnsitily afiteamelBecaewman ¢ hr ough
o oo AR AR oR SR, Barr AR ey Bl cechipte |1
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frequency. Smaller frequency separation results in greater sensitivity increase with
density. Thus it is possible, by proper placement of the balance bar second
bending resonant frequency, to design a flowmeter having a balance bar whose
25  velocity vector phase changes the proper amount to leave the net velocity vector
unchanged with material density change. Such a design produces a single tube
Coriolis flow meter that has a flow sensitivity that is not effected by material
density.
Figure 8 shows an embodiment where the balance bar second bending
30 mode resonant frequency is above the drive frequency and sufficiently close to the
drive frequency that the Coriolis deflections in the flow tube excite Coriolis like
second bending mode vibrations in the balance bar. In this embodiment the

balance bar second bending mode Coriolis like vibrations and the tiow tube Coriolis
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flexing ends of said flow tube in response to said periodic r
[ deflections to flex a first end of brace bar neans (2502); aﬁgmsﬁ’%tir 2003
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sai d bal afigurbar2. TBe nidgnitueiehafdthefflost huba rMorwredized phaae dingid mqge fisur t her
conprises the

duced nod
of "ai o barchRiEonaByye AeP eI ian ToR PR tsicatie’ St b bal ance.
bar (123503}naa§mm@aéfltﬁefbaq>én&a garhgﬂﬁamd @tar@eﬁﬁba,g h@p@@ﬁ@nbﬁél tb@ke sai d

Coriolis liKe deflections. 13. The net ho fca|m1 Urt her conprising the

step of mhrkngerhars CREOkS ke amplitude indlsiseaandanting made. ubeap @5@138)1 '&nd
sai d bal a | t ube
and sai d_ b sk e baldhea e Dotk ST ricg Bor QY 419 v ecatV8:
naintainlﬂgxmmemk#benomﬁe provi'sion of stiff sections (2511 2506) of said
bal ance bar (2503j a exi ble sectio 508 509 aid alan e, bar
not conprising'a é’lel ‘P%a's tb@t\{e&t.or §9ramg°wé@ g%qz SH esé

dri ve sTodenis @b odifferd, thbrﬁélaﬁ@é‘@'aﬁgeémﬁ%éﬁd#n&’ﬂ%d% ﬂe aeﬁcﬁ@ravak/eahé . ke
defl ections conprises the second bendi ng node of said balance bar (2503).

16. The neriMedrasiuenicyi Meleciinttherdriveripedeiisghowe an B1e $faxiowsile g Yhe

fr equency Jgf. 53,0 imaghRsl aRde Ale Yl%)@é@%% RBictty 78R 120N, RAL a(émdiitla DY

the provision o portion SI'Ance war - ah I"exi bl e
portion ( Wlpnm pmpoem:iralaod\s piéaie\telobut;e(m emplitude)an thod deve thdaal dhise

bar together with t ro n of increased nas each
oTde of *s aBaul bibeasIone Rorthe Balan gk bAOVHBR TPl 204 i (BREAUS RIS g
the g d $|baptu% Hﬁwgheavmﬁbﬁ sﬁgﬂmﬁe lwtﬁeleﬁwsxfn@c&e %?drﬂth%e@@éwbéosml ng

node of said bal ance vision of flexible portions (2508, 2509)
of said bdhgripetasdanequs wgsntr@ﬁsafd!ne Hpgnubemdr@lmﬁah@r eAn baidetasmingte bar

and i ncr eg3gds MSR t&PRAgt8Phel vd SRR X-axis. The sum of the flow tube

and balance bar velocity vectors is 1205 V,, . The length of the V,,, vector 1205
represents the peak relative velocity between the two components of the velocity
25 sensor SR. The instantaneous relative velocity is the projection of the V,,, vector
on the X-axis.
The Coriolis deflection amplitude (or velocity) of the flow tube right sensor
SR 1204 is about three times as large as the balance bar Coriolis like second
bending amplitude 1203 (or velocity) at the right sensor, SR. This is evident by the
30  greater normalized phase angle ¢ ,, for the flow tube than the normalized phase
angle ¢ .. .. fOr the balance bar. Note that the normalized phase angle ¢ ., par Of
the balance bar vector is negative. This is the result of having the second bending

resonant frequency above the drive frequency. The normalized phase angle ¢,
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5 of high vibrational anplitude in said second bendi ng node. 2003
- February 2003 . , , ,, WD 00/12970 PCT/US99/ 11771 18. A Cori oﬁﬁsF?q]rg%t er,

havi ng. a fywddbe (2501 ) adapted to receive a material floyerashialiance
bar (2503) oriented substantially parallel to said flow tube and brace bar
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Lo vary Salbasprradnable T vk ot pEm dacistisditplia FishlVRd Tttt o a
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to a change in density of said materia ow to maintain a substan |y

const dft f velpoilshveatpi 1204 bas sigreasedimeiaanitude fiom Haatof Istaticer) 21 to that
eneratin i 1S Nl | 4 i r.L.odi Sor il i Al said
19 | ow tubegz(a)?il saPﬁ 1@? |@ﬁf£ﬂe{ ]ip’g{aé%gﬂ lrﬁ%‘t{a ?'gﬁ%&no sv{z'irﬁl&l 'E%ﬁg{{ﬁgﬁ%éé’? ﬁaas%fj¢neans
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said generatiqn of said signals, 19. The Coriolis 0 er of claiml
el udi ng: 703 Tre 80w masthias ereAserditi Adrtvadebnel brHeoder s BONE Lo
change in ¢pasaimefers il dmikerthalerhboiment 8 F—'igﬁré PetHebAIanEsbapgn t he
drive node vibration anplitude of said flow tube and said bal ance bar to

changd 5t he neemealized/phgseangledrsddddreasast @novead closentotthdiX-axis) fom daans |
(2501, 250 responsi,ve .t. chanae .in_ said.drdve node.frequency resuylting
from sai o U9 Shgerr dL e BoParedn Aiath a3 Gy TR pOBNE e Phper poglfpt the
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February 2003,,, , r . ~ . WO 00l 12970 PCT/ US99/ 11771 .
mode frequency and moved it further away from the balance bar second bending
mode resonant frequency. This resulted in a smaller Coriolis like vibration
20 amplitude in the second bending mode and thus a smaller normalized phase angle.
Because the phase angle is negative, however, the decrease results in a gain in
the meter sensitivity.
The key to the embodiment with the balance bar second bending resonant
frequency above the drive frequency, as in the embodiment of Figures 7 and 12, is
25  that the change in normalized phase angle of the balance bar with density change

is the amount needed to leave the V,, vector 1205 unchanged in both length and

net
normalized phase angle. The V,, vector 1205 is unchanged in iength as a resuit of
the electronic amplitude control of the meter which is found in both the present
invention and in prior art meters. The V,,, vector 1205 is unchanged in its

30 normalized phase angle as a resuit of the change in the balance bar second
bending amplitude with material density. This change in amplitude of the balance
bar second bending mode is sized to the magnitude needed by designing the

balance bar so that its second bending mode resonant frequency is the correct
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Coriolis-like deflection anplitude of said bal ance bar to changer
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resonant frequen of said i nduced npde bei greater than said drive node
f r equency the grveeadspry Aesraass SeParationhaivesiRe Ve fesauenayand s
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extends forces indicative of sal eriodic lol1s deflections from said

at |east ctesrédsenntthpdalananinr sedoddiveadingampliesie2)lhus is&igl A batwwear to
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angle of the balance bar velocity vector. However, because the phase angle is

negative, the decrease in magnitude is an increase in phase of the balance bar

velocity vector. This increase of balance bar phase (decrease of negative phase)

25  with material density enables the net vector to remain unchanged in length and
normalized phase. In Fig. 29, as in Fig, 30, the difference in amplitude ratio for a
given shift in drive frequency is a function of the location of the balance bar second
resonant frequency with respect to the drive frequencies. If the separation is large,
the change in the balance bar second amplitude ratio with material density is small.

30 If the frequency separation is small (if the Bal Bar 2™ Freq. Line were moved to the
left), then the change in the balance bar second amplitude ratio is large. Thus, by
designing the correct frequency separation, the change in balance bar velocity

vector phase can be set to produce a constant net vector.

29



i nduced made of said balance bar to a value proximate but not at
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25 Design Details

The preceding description has dealt with the desired relationship of the

second bending mode frequency of the balance bar to the first bending mode drive
frequency. One embodiment has the frequency of the second bending mode
located below the first bending mode drive frequency so that the meter flow

30 sensitivity does not change with material density. Having the second bending
mode frequency below the first bending mode drive frequency is a unique situation
that some would call impossible. The design details whereby this is accomplished
follow.
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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 region element 1506. This raises the drive frequency only slightly while it
lowers the second bending frequency considerably.. Mass 1504 and 1505 is also

25  added to the balance bar 1503 outside of the reduced stiffness region 1508 and
1509. This lowers the second bending mode frequency further. Mass is removed
from the central portion 1506 of the balance bar 1503 leaving a void 1507. Figure
16 shows the resulting drive mode shape and Figure 17 shows the resulting
Coriolis-second bending mode shape for the flowmeter of Figure 15.

30 Figure 18 shows another embodiment of the invention using bellows 1808
and 1809 to reduce the balance bar stiffness. The embodiment of Figure 18 is
similar to that of Figures 15, 16 and 17 in that it has a center element 1806
comparable to element 1506 on Figure 15. The Figure 18 embodiment further has
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%éoo/zﬁ)og‘f&( §3r§rg§%lglogb0&§e% " @ég%)ngﬁnc(nc)ie 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 each other makes no difference to

20  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.

The final design feature needed to lower the second bending mode

frequency below the drive frequency may be achieved by altering the spring
stiffness of the balance bar so that it has less stiffness in the second bending mode

25  than in the first bending mode. The essence of this design feature is that the
balance bar is made extremely stiff (except for the two reduced stiffness zones
1508 and 1509 of Figure 22) so that most of the flexing occurs in brace bar 1502.
The net stiffness of balance bar 1503 then becomes a function of the vibration
amplitude ratio between balance bar 1503 and flow tube 1501. The balance bar is

30 made stiff in elements 1511. This has the effect of removing the effective spring
from balance bar 1503 and concentrating the spring in brace bar 1502 so that the
spring is adjacent to the end nodes. Moving the nodal location can then have a

significant effect on the effective spring rate of the balance bar.
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T 0s10%Z& ( plavieBBR&na)ks the: pDsiRhE balarBeWat 1€ 08)spring region in each brace bar
1502. The shorter effective spring of balance bar 1503 of Figure 22 gives it a
higher effective stiffness than the longer effective spring of balance bar 1503 of
15 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 meter so that it has a higher flow tube/balance bar amplitude ratio in
the first bending (drive) mode than in the Coriolis-second bending mode can result
20 in the Coriolis-second bending mode having a lower resonant frequency than the
first bending (drive) mode. This is explained below.
The vibration 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 equal resonant frequencies (and they must for a dynamically balanced
25  flowmeter) then the following relationship is true:

M, My,
30 Also, the law of conservation of momentum holds:
MYV =M,V,,
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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
10  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 mode between flow tube 1501 and balance bar 1503 is made high. This is
done by making balance bar 1503 and its elements 1511 heavy and stiff compared

15  to flow tube 1501. The result is that the stationary node plane 2201 in brace bar
1502 is close to balance bar 1503. This makes the spring rate of balance bar 1503
(in the drive mode) high. Iﬁ the Coriolis second bending mode, however, the
amplitude ratio is reversed. The flow tube Coriolis deflection amplitude is low
because it is not being driven at its resonant frequency by the Coriolis force. The

20  balance bar amplitude in the second bending mode is high because it is being
excited by the Coriolis deflection of flow tube 1501 at or near its second bending
mode resonant frequency. The flow tube/balance bar vibration amplitude ratio in
the Coriolis second bending mode is thus low and results in the stationary node
planes being close to flow tube 1501. This makes the balance bar springs

25  relatively long and the balance bar spring rate low in the Coriolis second bending
mode. This lowers the second bending mode frequency. The 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 is low in the Coriolis second
bending mode, the balance bar springs (which reside in brace bar 1502) are stiffer

30 inthe drive mode than in the Coriolis second bending mode. This enables the
second bending mode to actually have a lower frequency than the first bending
drive mode.
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10  spring of the vibrating structure occurs in brace bar 1502. This causes 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 stiffness of flow
tube 1501 and balance bar 1503 is such made such that the vibration amplitude
ratio (flow tube/balance bar) is higher in the drive mode than in the Coriolis-second
15  bending mode. This aliows the balance bar second bending mode to have a
resonant frequency slightly less than the first bending (drive) mode. It may not be
necessary to employ all of these design features to cause the balance bar second
frequency to be below the drive frequency. It is only necessary to employ enough
of these features to reduce the balance bar 1503 second bending mode frequency
20  tobe below the drive frequency enough that the flow sensitivity of the meter
remains independent of material density.

The other embodiment of the present invention, that in which the second
bending mode resonant frequency is placed above the drive frequency, is
accomplished by use of the same design techniques as described for the first

25  embodiment. The only difference is that the balance bar second bending resonant
frequency does not have to be lowered as much. [t has to be lowered some
because the second bending mode normally has a resonant frequency so much
higher than the drive frequency that it is not excited significantly by the Coriolis
deflections of the flow tube (which occur at drive frequency). in order to lower the

30  smaller amount for this embodiment it is necessary only to apply a few of the
design techniques, or to apply them in moderation.

The preceding described embodiments of the invention have the form of a
single straight tube with a paraliel balance bar beside the flow tube. This has been

36



109%r&! ()-3 ) 0% () - @dEYNC 10(1! | 109 ()-4" LOW ()- #10/%§Fégmaw 2003
1098VE! (),- LOWME' () - $109%VE! () - cJAEYNC 10(!! 4" 109K () - Y@HOWK:

" TO%VE! () - #1098 () - " 10%VE () - L0%VE: () - #u] }A2YNC 10(! ( " 109 @é}

o' 1 109k "P-90C¥% 008 () - " 10%v: ()-1: S109E ()- !:$10%88& (ACTUSSABIRE

9 0 f Q O
VK moaooais s G S S el AER Tl dinc i e (S RSy AR o0 fBR ISy
10M 109%VE!of tne mvb&wa 2t hid éﬂ&é 2! sife Rgralght tuthe THAYISBoWmdtar Wifta

h& ()- F10%h& () - -F"10% h& () -8*gdE_ @ 10(!, :!10% h& () - #10%
h& ()-L " £o0saRiric) a'@a@/pﬁ&(ﬁlyurel%% ﬁ&%@iasm%lme rvggkB edovonetars 10%

N s R s R R A SR

h& ()5 " 18ualgtit tybe Mhm\delmmdbal'an#:éwo@ﬁgm&/&ﬂ )Fl§$ﬂ&02®a(1)j F|§0reh26,00h 10
Tgo/éoz/(; h& Qt ga%gé(é?n& l&}l%% gopgéghéer%\%%e o that t}woo oms 2ube ca /&bg seen
Figure 25 is the simplest and most compact embodiment.
The embodiment of Figure 25 is similar to that of Figures 22-24 except that
the balance bar 2503 is concentric with and surrounds flow tube 2501. Balance
10  bar 2503 is connected at its ends by brace bars 2502 to flow tube 2501. The
center portion of the balance bar 2503 is light weight due to void 2507. Sections
2508 and 2509 are of reduced stiffness. Balance bar 2503 also has added mass
elements 2504 and 2505 corresponding to elements 1504 and 1505 on Figures 22-
24, This design of the embodiment of Figure 25 permits the second bending mode
15 frequency of balance bar 2503 to be lower than the first bending mode (drive)
frequency and provides the same advantages formerly described for the
embodiment of Figures 22-24. Balancé bar 2503 includes end sections 2511 and
center section 25086.
Figure 26 discloses embodiment which is similar in most respects to that of
20  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 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
25 2608 and 2609 which additionally 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 Figure 25 and in the same manner as do elements 1504 and 1505
in the embodiment of Figure 22-24.
On Figure 25, meter electronics element 2420 applies drives signals via
30 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 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
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Figure 26 similarly has a driver D, a left sensor SL and a right sensor SR (all not
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

15  sensor SL (not shown) and the center magnet M associated with driver D (not
shown) and the right-hand magnet M associated with sensor SR (not shown) may
be seen on Figure 26.
It is to be expressly understood that the claimed invention is not to be limited
to the description of the preferred embodiment but encompasses other

20 modifications and alterations within the scope and spirit of the inventive concept.
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said flow tube with material flow;
said drive mode frequency being dependent upon the density of said
material flow and changing inversely with a change in density of said material flow;
10 inducing periodic Coriolis deflections in said vibrating flow tube in
response to said material flow;
inducing Coriolis like deflections in said balance bar at said drive
frequency in response to said Coriolis deflections of said flow tube;
said Coriolis like deflections define an induced mode of vibration of
15 said balance bar having a resonant frequency sufficiently close to said frequency of
said Coriolis deflections of said flow tube to increase the amplitude of said Coriolis
like deflections in said balance bar;
said flowmeter being responsive to a change in density of said
material flow fo maintain a substantially constant flow sensitivity of said flowmeter;
20 said method further comprising the steps of:
generating signals (2421, 2422) representing said Coriolis deflections
of said flow tube and said Coriolis like deflections of said balance bar and
deriving information (2420) regarding said material flow in response
to said generation of said signals.

2. The method of claim 1 including the step of:
operating said flowmeter to respond to a change in density of said
material flow to alter the ratio between the drive mode vibration amplitude of said
flow tube (2501) and said balance bar (2503) to change the flow sensitivity of said
5 flowmeter in a first direction and further to alter the ratio between the Coriolis

deflection amplitude of said flow tube and the Coriolis like deflection amplitude of
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response to a change in the ratio of the drive mode vibration amplitude of said flow

tube and balance bar resulting from said change in said density of said material

10 flow;

altering the ratio between said Coriolis deflection amplitude of said

flow tube and the amplitude of said Coriolis-like deflection of said balance bar in

response to said change in drive mode frequency resulting from said change in

density of said material flow to alter the flow sensitivity of said flowmeter in a

15  second direction opposite to said first direction;

said changes in said flow sensitivity in said first direction and in said

second direction being effective to achieve a substantially constant flow sensitivity

of said flowmeter over a range of material flow densities;

4, The method of claim 1 wherein:

said periodic Coriolis deflections of said flow tube (2501) being

characterized by regions of deflection as well as nodes having no deflection;

said Coriolis like deflections of said balance bar (2503) have the

5  same number of nodes as said periodic Coriolis deflections of said flow tube.

5. The method of claim 1 wherein said step increasing the amplitude of

said Coriolis like deflections includes the step of inducing Coriolis like deflections in
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of said Coriolis like deflections includes the step of extending forces indicative of
said periodic Coriolis deflections from said flow tube (2501) through brace bar
means (2502) to said balance bar to induce said induced mode in said balance bar

5 (25083) having a resonant frequency equal to said drive frequency.

8. The method of claim 1 wherein said steps of inducing Coriolis like
deflections in 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 brace bar means (2502); and

5 flexing a second end of said brace bar means in response to said
flexirig of said first end to induce said Coriolis like deflections in said balance bar
(2503).

9. The method of claim 1 further comprising the step of transferring the

effective spring of said balance bar (2503) from said balance bar to said brace bar

means to lower a second bending mode resonant frequency of said balance bar.

10.  The method of claim 1 further comprising the step of lowering the
resonant frequency of said induced mode of said balance bar (2503} by lowering

the effective spring of said balance bar.

11.  The method of claim 10 further comprising the step of lowering the
resonant frequency of said induced mode of said balance bar (2503) by the

provision of at least one flexible portion of said balance bar together with the
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13.  The method of claim 1 further comprising the step of maintaining the
end nodes of said vibrating flow tube (2501) and said balance bar (2503) in brace
bar means (2502) coupling said flow tube and said balance bar.

14.  The method of claim 13 wherein said step of maintaining comprises
the provision of stiff sections (2511, 2506) of said balance bar (2503) and flexible
sections (2508, 2509) of said balance bar not comprising a stiff section.

15.  The method of claim 1 wherein said drive mode comprises a first
bending mode and wherein said Coriolis like deflections comprises the second
bending mode of said balance bar (2503).

16. The method of claim 15 further comprising the step of lowering the
frequency of said second mode of vibration of said balance bar (2503) by the
provision of a center portion (2508) of said balance bar and a flexible portion
(2508, 2508) on each side of said center portion of said balance bar together with

5  the provision of increased mass (2504, 2505) on each side of said center portion.

17.  The method of claim 15 further including the said step of lowering
said resonant frequency of said second bending mode of said balance bar by the
provision of flexible portions (2508, 2509) of said balance bar at locations of high
bending moment of said balance bar and increased mass (2504, 2505) at locations

5 of high vibrational amplitude in said second bending mode.
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tube with material flow;
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said material flow being effective to induce periodic Coriolis
deflections in said vibrating flow tube;

10 means including said brace bar means responsive to said Coriolis
deflections of said flow tube for inducing Coriolis like deflections in said balance
bar at said drive frequency; said Coriolis like deflections having an amplitude
proportional to the amplitude of said Coriolis deflections;

said Coriolis like deflections define an induced mode of vibration of

15 said balance bar having a resonant frequency sufficiently close, but not equal, to
said drive mode frequency to vary said amplitude of said Coriolis like deflections in
response to a variation in said drive mode frequency; '

means (2501, 2503, 2520) responsive to a change in density of said
material flow to maintain a substantially constant flow sensitivity of said flowmeter;

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

means (2420) for deriving information regarding said material flow in

response to said generation of said signals.

19.  The Coriolis flowmeter of claim 18 including:

means (2501, 2503) for operating said flowmeter to respond to a
change in density of said material flow to alter the ratio between the drive mode
vibration amplitude of said flow tube and said balance bar to change the sensitivity

5 of said flowmaeter in a first direction:

means (2501, 2503) responsive to a change in said drive mode
frequency resulting from said change in density of said material flow to alter the
ratio between the Coriolis deflection amplitude of said flow tube and the
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deflections of said balance bar having a deflection amplitude that changes
inversely with the magnitude of the separation of said drive mode frequency from
said resonant frequency of said induced mode vibrations; said flowmeter further

5 comprising;
means (2503) responsive to a change in density of said material flow
to alter flow sensitivity of said flowmeter in a first direction in response to a change
in the drive mode vibration amplitude ratio of said flow tube and balance bar;
means (2501) responsive to a change in said density to alter said
10  drive mode frequency;
means to alter flow sensitivity of said flowmeter in a second direction
opposite to said first direction in response to a change in the ratio of said Coriolis
deflection amplitude of said flow tube to the Coriolis like deflection amplitude of
said balance bar resulting from a change in drive mode frequency;
15 said changes in said flow sensitivity in said first direction and in said
second direction being effective to achieve a substantially constant material flow
sensitivity of said flowmeter.

21.  The Coriolis flowmeter of claim 18 wherein:
said periodic Coriolis deflections of said flow tube being characterized
by regions of deflection as well as nodes having no deflection;
said Coriolis like deflections of said balance bar have the same
5 number of nodes as said periodic Coriolis deflections of said flow tube.

22. The Coriolis flowmeter of claim 18 wherein said means (D) for

vibrating said balance bar includes means for inducing said Coriolis like deflections
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5 deflections in said balance bar.

24. The Coriolis flowmeter of claim 18 further comprising means (2511,
2504, 2505, 2508, 2509, 2507, 2506) for lowering the resonant frequency of said
induced mode of said balance bar to a value proximate but not equal to that of said
drive mode frequency.

25. The Coriolis flowmeter of claim 24 wherein said means for lowering
comprises added mass (2504, 2505) in said balance bar (2503) in regions of high
vibrational amplitude in said induced mode and comprises flexible portions (2508,
2509) of said balance bar at locations of high bending moment in said induced

5 mode.

26. The Coriolis flowmeter of claim 24 wherein said drive mode
comprises a first bending mode and wherein said induced mode comprises a
second bending mode.

27. The Coriolis flowmeter of claim 25 wherein said means for lowering
futher comprises a rigid center portion (2506) of said balance bar and an added
mass (2504, 2505) on each side of said rigid center portion and wherein said
means for lowering further comprises flexible portions (2508, 2509) of said balance

5 bar at locations on either side of said rigid center portion.

28. The Coriolis flowmeter of claim 27 wherein said means for lowering
further comprises a void (2507) in said center portion for raising said drive

frequency.
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balance bar in said brace bar.

32. The Coriolis flowmeter of claim 31 wherein said means for
concentrating comprises stiff members (2511, 2506) on said balance bar and
flexible members (2508, 2509) comprising each portion of said balance bar not
comprising a stiff member.

33. The Coriolis flowmeter of claim 18 wherein the'end node of said flow
tube and balance bar is maintained in said brace bar.

34. The Coriolis flowmeter of claim 18 comprising a substantially straight
flow tube (2501) and a substantially straight balance bar (2508).

35.  The Coriolis flowmeter of claim 18 comprising a flow tube (2601)
having a curved portion (2615) and a balance bar (2603) having a curved portion

(2611).

36. The Coriolis flowmeter of claim 18 wherein said Coriolis like

deflections comprise the second bending mode of said balance bar.
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