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Sensi tivi t”mw]ﬂm"ﬂmmmmm Bal ance Bar Field of the Invention This i nvent| on

rel ates t be Coriolis floweter and in particular) to

met hod and appggatus for a Cecriolis flowmeter having a bal ancéd P&Pef{llPFétzooz
enhances the sensitivity of the flowreter to material flow Problem Single

tube Coriolis flowahe. | i t he _expense
and the pl ugging prot‘l gsn%ﬁ%?‘ﬂ \?v{%ffrt%tg%g‘%nﬁam &‘%“&?ﬁgiﬁqa{lﬁﬁéa@“ olis’
10 floweters. Single tube Coriolis floweters have a di sadvantage in that

their flow . sensitivity has bean Power than that of dual tube Coriolis
flowneters. The flow sensitivity i igl th iOReasons. The first is

that for the sa b L, must, have .a | ar

di aneter flow tgggfét‘ @‘p’egﬁ‘éﬁ%t A%Ha(# ?U%%gggwr“t&{iap fﬁ P?H’ngﬂdﬁong
and | es§ reametﬂodantdcamramlslfaré@&%ﬁs flohensiee RRGInGaAS R th
the details of how the nmass flowrate is determ nedb I n tPé%F??@ﬁg?“@g”‘t@s
tube Cori ol i@ $8nSiviy & de flawmetenta meserialif®wi brat ed out of phase with
each other. The dual flow tubes act as 3 %ggnt er bal ance to each other to
create a dynam cally bal anced structur ity sensors are |ocated at
two | ocations al Stmglé Inebé ICQWIdmsbﬁcSwmétér%néﬂe tdl‘étrégleabbb‘@u L WEEN
the fl ow tubes. f}ég}ﬁvel ocjty sensors are usually ocatseéé%%ﬁa '%ﬁs’f\gﬁges
upst ream an%P‘R%\ﬁﬁs‘t FlHgRINGRrobiases 0 rfrﬁOM‘pém’ﬁtl@Q mi@ld&bbdtzalwusemmhs

t f ast dto th
coher 18, o'yrIBERE! SiAgkHIEY GRiTETIu PRI SR B dhailebiasiinahal peddinses
a’jvol t age. s'EImsltmtthm ﬂaén rfoweenhah thae ofi duatiubg Cbt%\rst HB®meters —Tﬂéof WFes

ach sensor. Wien there is no materi %t 1 ow, e 25

| 1
vol tages f rS@ﬁ‘tsﬁ‘H %IV‘?%?%M%N %r sThe dirstds Ymatdor tha aartﬂadlmmtatera mhgha
material flyoMa f!buf?né/t'eprnaﬁét%\} r?? Sttogh&ggggg%gﬁamrl olLis forc&hpf

the moving material to cause a ha erence tHEET HBWEIR o0

vol t ages. ﬁhﬁesatsshffdrmwbeaﬁmglamdolleepoéspc)fsa}e foC oMbl fBhse T‘F'iefsfe%?ﬁ@?&soht
IS i n‘q&r E‘ hg not hat b EI ow, t ubes re d| storted equally (for an
equal ASRO 8P V‘f" %83: OW@\‘R/WGB% IR¥srain s defranimiedse 30 shift as

the other at cofy ﬁé@@i&%'al‘guél%%'@EﬁoltsTﬂ@gﬁgﬁér%sﬁ?n@&g?ﬁe%ﬁrﬁgec}s%tﬁ}eo

has the same phase as the upstream coil
phase as t RBas®withgecharibent Bue dyat fiew tuhpetctas 4 coentzasalpadd to er8 other to
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coi | sé are nmounted to the bal ance bar as though Tt were t secon
tube 88scrYBRHUYARIRErS privsually lecated aﬁataéﬁtsaan@@e@atmam aem\/dcwmmmmm

bal b f fi
phace. shi 11eur e FTSpBRYs, CERSE LERERy soAtt eista b e i Hetn s 1y
bet ween t Habpraskastilffasterfddote thebethmnd T relative st rshi Hee@btPQJr@u”@‘?tHéar

| The flow tUbgg}g\}dﬁx%}gp[rg g8 bar v |.oci 'es_at each velocity sensor nay

'representé@a

‘t‘/‘é%ﬁ%lyg A% AGe A SR gnetiohelf taﬁmbrﬁmﬂowm@es
relative b@méya(sarttfiso\r@élt\%@lage% é%fche%‘so‘feWﬁéh}pﬁér%W?q{o) m%gegtan%th

det er ni ne by adding the two 10 velocity vectors ow tu
vect #° hayo#agaadens g twelvelocy mﬂéataaaref inophaseheith zlaah cehdrarwitle et fial

t h th t ph hi ft
W th T 1 owloph e PIRMG ldes o gAY e RELETSed SEine Bavparwanekae of
each vel ocialye sepisase diferettecbdtviner the Ws@hﬁﬁ@&t@@%% 2Cl'fhla§-l\?v§§8§éﬁ%‘b?lém ,%rgl zf

The F1 onmreroriaBEiahishaa GHeraoPs i FEBROSEMdP ol et Bath o tiseszace
e o1 e o B e REEIRSON PN PRI L
f 1 owdét er sbiéhas thavethgr sbeomespanding |kmailornst Heh eawmstreaamy =aﬁ§br¢ﬂé@‘%ﬂ wERity
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the voltage ganerated by the magnet-coil sensor pair. The downstream sensor has
a different phase than the upstream.
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20 The above and ot her problens are solved and an .advance in the art is
achi eved by the present invention in accordance with which a nmethod and
apparatus for a single tube Coriolis floweter is provided hayj a bal e
bar that enhances and anplifies flowreter sensitivity to mat e\rfbiﬂecqm%?%f
Both in the present invention as well as in prior art single tube Corioiis
fl owneters, theh!gaé_angt&gmi s driven out of 25 phase with respect to the
floor tube in t ing twonenerde thel o rainy €0 ff @G¥eRcy. i s typi cal ly the
r esonant frt%]élﬁ&pg p]‘,,‘pg 4 he b Iagce bar angél t he %tﬂér%{%ﬁnﬁ?ﬁ%%éﬁem%ma
tuba in the Tirst bendl é 8noyIeEdlew. tupg. p\/elomt)asmsdrrmb%nggb(@rg@ﬁé's)oé,ies

f | owret er s mbentedltaneenBRNcE 26K S 5 SO NH response to the Corioli

forces and HCori ?@lr’ilcﬁse def | etct.%énség?h?{gg Ik ﬁ%{/}\‘/’; Ehﬁtfgpof‘a?lpﬁétugﬁéi%nnbédwmwé.on
sensi tivity OHH Rehmateriaicheenedidwy tH30u Gle §1=00H A1k l.ance, bar so that
It reSBOHdgng@ot”{a s SRl s, f rcgs on the ??ow t uba %@&bggagﬁa?t FiRefiegee
second bendi hg node,°'6at° SIOPIES pW‘—ﬁ‘hSP‘é‘éﬁ@tﬂGWoTﬁbe/eicb@!\gs%%@rsd&ﬁls@%éOns
caused by tdiatiappkioetly Gutivebh s éogfr%%% sf%ftedrg%@u cember 2002 Wth materi al
flow, the vibrating flow tubs defTects in R oA €5 the appicheds Ghiftad i s
forces. ThR2lapce farvime Howduse afd bhlantk owr Velbeitias 8t éé@%@%i}f‘l% great er in
anpl i tude rtnpg%ﬁ]etnqu%g/%’gll i? def | ecs’li ons since they are a 9 Eobm&aNbe
frequency o e nater I arClo VFEars neyiRgdt Riisenangle aﬁéa&plﬁﬁé.sm%fﬂeﬁ_qweons
are a dri wetoaily (anfivernagaeyt diak resonant frequency of the tlew
tube for t@f Cerlolis d%?l ecti oﬁﬁﬁ%?@ﬁg#ggseofﬁ%q}e(éﬁtrefmif?dfb:)'ramgdhetwo
appl i'¢d by QFéIvaleswrﬁgThﬁfJQWitabeve!otchpvémmtaybg:h%tsetémtEBE‘? ”‘?%ga‘?gf%mas

the driveTysaL Coriolis f i nd deflection of'd
tube,  howayEre 0=t VBeeclivitas 245 Phasa st dibng i anetors Fhes eg0nd

bendi ng nodtphasostaitwithfegusng i s_much, higher fhan the
frequency tljo of aPpl i cation_ of é’yﬁ@%%@%@wgngbrg@qgesrapiag oLt Meltags .
Thus, bec8UEBCH NeloeHyissnser sdeduced byipe inent-pHasa dHiREW ALY, Lay,,r sapved, from

th Of | de sh h d b AT HA'SBPY o |
nauced doTes SRRIERGKIH chbialt0 B URGoN i fre Aron semaliliey of MorTidrearl VT

i nduted (Tie sedusdiodiinglownelkr def siegih | Corioljs deflection in

t he second. bendi,n de of tﬁle_ f%lgg\l}_‘%%%t? @%@@b%a&@&o{fﬁe bensedry -

del ay bet%@r’n?ﬂé‘% SYEFBEioNinSenRsiitytymtd tseilahgee(ssmgjémé“pmggtoﬁé*g{e f1ow
and the

Because trhguleeih ectbBBid I hase delay is small, an
sensiti virt yU of pri o?rﬂglrdte%sﬁéwg%ngﬁ'l %ﬁﬁ@w 139 E’“f és rtatiByradn thel awurscyl amg The

bal ance K&MBErdidleqseptante df miregie it fl6wERA418G4 its ends to the flow .
t ube -by neans of brace bars which transmt the ﬁabrﬁ%ltalpéﬁ%ﬁ’opﬁr ces of the
flow tube to 20 the bal ance bar. !'n felWiomrt neters the bal ance bar, Iike

t he20! ow t ubeTheasbbys seCHOME i resonant frequency nmuch higher
t han the fi,rstqlgendi ng or dri \Sgﬁ—ggl(?@% |%%§l\feﬁea%ﬁrbla?¥a@@ ire¢hd ensisof t he

fl ow t ubBCRP¥Ed BY Y& peasenhingeotionin atcoad dmanmigNEHj rw rom t he

bal ance Rara §ﬁ§%n@bge@gri@g f[?g;rﬁn%nt freque c%:\i_ thlgh?%?ncees ?@n%‘?ﬁa[r?ﬁﬁ to

the bal ance bar by way of t TS BAVECE%RENING Rrbatenas Davi thatemtizrdB s

exci t at | ¥ smplifies Sewamatsbesstingtyedeatetial Sy DBb AR BBt i e T
I .

prior ar\}lelg‘é%irﬁs the flew tube has little response to°PRESEkMVENiaN por ces,
t haﬂbal anc PRRE aroiaslerthes fe@triis flavematsns iat imiadcd Ber igrd?’@@ﬂtod-ft pyention
i N8 vepralsiefwitmesdoaet § Qr: he various node shapés of the

bal ance bar. This SE:plgn b%ﬁgg%?g% Js'ﬁﬁg? ﬂ%ﬁbewlﬁgﬂq "iriddvealrequmicy e d

accor di APERI K& ieseRapelequmteyt diiath fthe guerey Har ey. Luleryle is that
the node,uimag ffr&%%% %dt%% nupber of nodes m nusthé‘rggé%%l ff”ieHgE\“ﬁDde
has tvxobnToBEIIgs riat the erﬁj@).e E2CBCORIH 23t singleduaCotibies fendae@nghHan t he
cent er ) bafpmsetitairr acksesidhifigamodep bass fOME S ¢...3 ~ 10 Decenber 2002
In acco%g&cg with the nethod aFrjlpI apﬁat%@@?f?rﬁ%sﬁpgs@?ﬁo“ﬁﬁ\?ﬁﬂ@tim, t he
second 8Wd§“rt?§- f Vbﬁ@e@f@?eat lﬂvﬁétl@alsansiévityaénﬁzéﬁde%\ﬁ{t@ﬁﬁﬁ’;fef/pd?‘tbtyi tis
cl@Be tgztibgin ithgtbalpg.;}fg Ldrive fr ency) of both the ow tube and
the bal angg (tj)gr. The 11 rg‘% gbge)%%‘ﬁltg{f%?ﬁ]%foq%ﬁ&o%#ﬁéﬁrcﬁaynltheglew\»t'ubéati on
anpl i t ugle ?ﬁ et in thestoranbendieg mode, out of phase with respact to the flow tube
deflections caussd by the applied Coriolis forces,



5 and the bal ance bar) fails to excite the bal ance bar in the second
bendi ng node because of the differance in node shapes. In the first bending
node the defl ected shape of the balance bar (and flow tube) iz ?}%Ch tt)hgt002
the ends have no displacenent while the |ength between the endHfgember

i ncreasing displacement with the maxi num di spl acenent occuring at the
center. 1n the set¥inendterdi Moy REe; =shave_ no .

di spl acenean\f‘m@h t he nmaxi mum di spl %@gﬁﬂ?@ tgggl?geﬂfggﬂhtéab%’&%e {hibeqarplied
quarter and & faieast el heedriyenvipaitions. of Hoeefiew ,tub@%réi%s@inthﬂl?b%{ ater in
e ance

di spl acenen e center paint. so that one-half of t

bar (or fIoévﬁ@%%e‘ﬁggtt%%&Of‘P@%dﬁ#i]%‘g’loaééW@ﬁtm%Neeaft”h@Taﬁdm?mtﬁabﬁerhta,ﬁofthe

negative disptatafiied flowhess aHHL thofotd e in_mode shapes 'i s that

white the vibration at the first bée)(?lai&ﬂg%ﬁglgréa?@?%%ﬁﬁ}%ﬁ%6?@%‘@59}’fﬁftffﬁfane

hal f of° t hdBaltaReaNtEsquancytaf tee dondube fatithg Qmibdis deflebork %dw?@eeqﬁﬁg
Theretore 't he

et of f oct Ve PIea(CIERE B At oBeinG RS o= REel B dhe dovbjuba bt atd warke

the first Wesgliorgynmoeeeyamn i st f enci es, my be close.
The Corioli ?tgjef I gcti on of thlg%{%ﬁ ?ﬁbieﬁggﬁ?ﬁoé"ésﬁ%cfﬁa legdiopird taadlong.
20 bendi ng tHBBePWEYHalS Chéhalissmacbapnes dhetseeohtioseridie nhdise, 2 hARAAS T
sign on ei thers rﬂg?gfr % e ft!FFO\éV t ube fr;ﬁn}(’er tpgl nt. 'Thus_ he Cori ofi’s

defl ection of tHe Frow EAHBMeY Pignedlemty € emseb dvigh dreinati tiee frexgles iy

t he b&Dancef baplisdtartdfaht @ &agist ' the brace bars. [n the
present in en?fon t he secgnﬁ’ggg?ﬁgmﬁ%ﬁgﬁrgggﬁ%)'f ?Eﬁa'eﬁ%%fwé‘rﬁ tFﬁ@Qﬂaﬂ“&nce
bar is madiOTERdSPRIET Aka dieiquenty taruemoyed Toen mﬁe‘s@hiaﬁf‘f@c%ué)fﬁyt&%st}ﬂbggce
bar SGCO“%H?&;B‘QQHQSQES' B¥ t.he %ri ol g%defle tion of the flow’tube becones
sufficient to causé S|'§% ARGy, TR &odo ngyce d?ﬂ%ctmsam\wﬂtrmtmeamery
vel ocity semsarsrhaltatthanshe Wriver iase ' he, bal ance bar

| ocations adds.to the phasg del gly bet &quhéﬁe?%ﬁzﬁ.ﬁ@s&&rq&?'ﬁﬁt'qnsowgﬁﬁbséna”

| ocati ons GRECE-FRiircigntnhe serand béndin@madeeofitee towitabé iPWhaBOrokilices the

accoraanc gy [ iLment_of. the invention, the second bending
node reso amgtste;]‘?gége%%@vegﬁqﬁ%é%a‘(%% $R0SO7 SIPEIH R Eas@0ase ve mMateqakeioy. of
the flew tRaxausedhe ifleatiomiesball, thbiphage Waldy KReM) that n.&@. mechani cal
osci |l ator Irﬁir esggant frequency is bel ow t he eXCi T Irﬁtglagrtg%gﬁﬁﬁ‘f”% ‘Plgp”m
osci | | at o2TheVRE biPegnejiade meterialftovbisdewber 2002 to the exciting

di spl acenent. A . .assunes a. deflection that is out
of phase with t heeabC%lrglﬁg{E Itbsarfoﬁm%gb%%@ﬁn&%h@ﬁ lsoﬁoqq?é:t?q?éwhﬁ GPes teEwaliew t he
bal ance bi¥bebggtaanstefdrase bacewhivh trdrsnsetendoheBdaNg, ths sb0RG E%ri olis
def | ggti ops gglahggbflo r_tube) the-—e vibration anplitude of %he ba ﬁee
bars-second bend: ngaﬁnﬁ"eorb%fal igadne birlraag fandike fee thew tudd, 8ab tts secondt he
f1 ow t ubebendingaseds rddteset Hehush RORR ' e deflections of
the flow tube tgng:é]‘t{h  bal anqehgar‘c"g@?%ﬁp a Vg’ﬁ%fgﬁ'{%ﬁrgggé%ﬁn%%gq;%wgt he
(o  ube~EE DA sicrlonmoisrariowubpars waynatal s ooy saat:bice

" flowneters. rlO. The fFe' lr}@tgl onarﬁ)é)e Hggggﬁgﬁée%@ﬁairﬁ@o draqeqaenty forceshe
bal ance B&xnyBitled tohthal bialencer bquepo,ye(?y of abbiteyes Hays qemymsgggsr{éﬁmgggg gn

aredistribution of its ma

of b t hat includes

sti gsﬁes?%ggp% ﬂ?%ﬁﬁ@%‘b‘?k%gﬁ”ﬂ*{@o%ﬁf thg bpaner drrofThusewhid anpeoban

whi ch tendstere tiation fube KHd MBsireeasency wai b&idiR%,Rg  itt] e i npact on the
second bendi ng frequency. The malrsg rernc)téa'\lp/eh%gmﬂ?tffaf%si' %E?’aﬁggtbﬁéhfﬁ
second béi®ng node frequency because the second bending node has little

anpl i tude near ‘ l,s.then added to the bal ance bar near the
vel ocity sens(;Trﬁergjc%ﬁlg%ﬁgsn%%@%r‘T‘@ﬁe&s‘@h@%@Eéﬁa’eﬂé‘ﬁﬂi'ﬁwlmﬁjéhﬁﬁr@mbacy

nor e t hafreghendy iovéef péqbeneidiecabse §Mess cations. where the
segﬁ(ﬁd bendi rl%@;mq% an:gl itude is greatest. ng ga% r:Etl')(r%(l:éen%lia;é‘rgt i'fhéed be
mod? T i ed By GF Eat 'y SsYPIBMMEqdes] ara definashyrecssdl tui tleibengicag nbp 1/ &ie

second bgedubgcy B T £ re shightly toward the center from
t he vel oci téy seyggor § o;gg:t%iebdr@&é}?fesgg\glf ﬁ‘é“ @t%fipg}@éeq:ﬁ qaves e teauympeeat | y

reduces E‘ﬁ@e%@mmﬁﬁinagrsmdm_a‘mmmnmdgeﬂattgaa@awspgm#gclgﬁd%fafsqﬁ;geon t he
drive flr:éqltlﬁ?gxdgl nﬁel in_ the, dr|¥,e mode there is little bendingin these
areas. FAnalty ~sff fRELR CERE he | B8 iEh?$ning sradecheofour hedbslance bar
between the soft areas) is increased to further raise the drive frequency
while having little effect on the secogd bendi ng frequency. These physi cal
modi fi cations of the bal ance barcan reduce its second bendi ng node
frequency so that it is lower than its first bending node (drive)
frequency. Wien this is achieved, the Coriclis vibrations of the flow tube
are transmtted fromtile flour 30 tube through the brace bars to the ends
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5 10 Decenber 2002 force. The fl ow tube and bal ance bar of the present
invention thus performlife a dual tube Coriclis flowreter wherein each of
the fl ow tubes assunes a Corioiis vibratory response that is ow of ha%\02
with respect to the other flow tubs. The result is that the singPeciise
nmeter of the present invention can have the floor sensitivity of a dual
tube 5 neter. Thelﬁphase@,of t he bal ance bar second bendi ng node vi bration)
with respect to tReagsisaganasf withah€mmipbbsdekhastd f,.the flow tube
depends uponsgc}&%drn?&?ééémshif) of the resonant H?%E&ﬁ%ﬁ&}h%fprFﬁ%mb’BV%{hiwﬂée
g node” 1o~ the § i

second bending no Fetepenefithgbaiaeebdris/elsre eauansy; isybesestgﬁggd

bendi ng noddirftEmdene i RN g8l d o) han, .9 0 equal to, or great
than the fi 31’%{ %%g?ni nggmggﬁ!(’éfi%@é g?b:"g%h&@*:éﬂ?wttﬁ%e@@@dﬁe Hedavtiantgz ATOTIRS
frequency i $iTHi g tHive) e wn?ehfhaesqu%‘gﬁyibréthfh Bal aC? bar second

bendi ng snode i in.phase with the Coriolis Indice %i%&%‘?’i%ﬁ Tlow tulee
f1ow t ube. %mﬁsth%?}]a?snéeobg%gﬁﬁ%\{\é@ﬁ%‘&ﬁ thinbetands bar anthd kewsry %rendfr-@emﬁe
sensi ti vitybetéudehs thal fane ary endi ng node frequency 1s 0
the drive frequencg, as gsb%\r;g i ?c&u%g%@,%e 5 ’Ph@% 4Faherdipgrmsee oimel db&BElAY

e

mode vi br at #32RAET (6e batence hart(and HewftLiosy i& yb 59l .8 4induced. vibration
to increase,seNaQ C_Rgﬁ’s&%shi ft _and fl opvxfrypt er62Z’?}%ﬁﬁr\%dd}hﬁed‘v%‘ﬁekacemem
sensitivity iIs T Edga t@’r‘?et”l‘?@eﬁ%ﬁ@%@ﬁ&%ﬂg@blét@ﬂéﬂﬂ@vﬁhitﬁa%)Q¥i t he
first bendidigpiavereedt b¥&urfin %@Qﬂg)een'g}e i ggson far, this is that the iEB‘W
tube's, Coriolis vibration and the 5at%nda §rS€ e BRRCiBamiodg thededs and
vi br at i%n &ﬁ@tﬁfﬁ’a}'emqmi@@emmnm-miméymﬁwﬁaéﬁﬁ?&goeI ative velocity
-~ bet ween th%r’ifelcﬂ}ﬂrtteﬁ% ﬁ@’% bal a "Cﬁ ba& whi ch neans tha |nc§H§§@ HEGBHEE
tend to neggte Sach “oPRaEe SATENBRo doints arHaye e ryted aﬂgne@?hﬁgidr@?pécérﬁem
certai n apphangds ahthe téntbheohalsdang i bendi ng node frequency i's :
suf fici ent lé .?I 0se to the flgr_g‘?l benglI ?gén’%gﬁgﬂ&]%ﬁagﬁé JRATChpr flotstuddeplHatsude
and phase BBH'HediSREcement avhjle the cdlserttmloNes waghiid Pf% ‘Hc%{né" Zgr.tube' S
opposi te phasgirerERis iﬁ%deg%}rﬁati an,can result in a flowret &r tha\igigsult of
i mproved sensitivity. The ¢ Heéd?é'?qtd\‘h'fler?h@’\\ﬁfhﬁa@nntd‘iehbﬁlrﬁﬂﬁa%d?@’m%?;%%'d
bendi hy Wmf”ﬁgQWMOioﬁebﬁthﬁé‘SaﬂﬁEé(gaffnetﬂggnc ig, however, “pref erred
because the %haﬁes of the flow tube and bal ance bar"AH8NERE rasds ithe teluse
the bal ancd' B2 {amt%eﬁﬁﬂwmoftﬁ“@dthenhﬂﬂofwé%eilé‘m?é’hﬁrt'rf‘?erg[j%v? mode
and t he Caficat isahﬁ%%@CBﬁﬁ%?'ﬁg{g’%eﬁ' .in_conventional single g ﬂ%f’é?s,
t he bal ance bar bal ances the dB8 'SRALFFRteadrybratiarhia the fisst beertHgng
mode onl y.meFPeE%%tWQbeheliragamd¢rehu@ﬁeﬁe§%a9§etég]@s$al ance bar is at a
much ‘hi gher fr?ﬂ%?‘% tg%g the Corjoiis node of the Tlow tube. Therefore,
the second 6 Ysriecisn 2! seadiowytubsdbas $hm@hn%<§hé§9aisrlhé@%c%ﬁba”ce
bar . 20hi SbEBdfﬂbmdminttﬂwtﬁ@'ﬁ?s‘%'lé'c%nf,ﬁt%?ﬂv,%jﬁé ng 0 al anced and causing The
fl owret er _t ogig‘aﬁkf. Met er shaking can shiTt Tl owneERr) SERSELe sichynaithesause
errors. THES ﬁﬁvwbqq@fﬁm@ﬂtiﬁw therCoigs ddffideabh of ki t&zf and
i er %‘Erﬂﬂ?\, a

nmount i ng ot 4dit el unting stiffness is not gen
this sensitivi t@ %gh? t&gg?]ér]@nggn?ﬁ%&?é@%@%”%hpéH@atfmtlforté‘e thasRigsent

i nvent i orthraugs tbalbaacebbar '8 tise prdnYinheAL de i s.excited by the :

Coriolis ¢pnde of of ﬂ‘ﬁe f1,ow tgbe, PWhen & hef'gggho%“'g%ﬁ%@&ﬁaa@qesreﬁ@new the

dri \(ie f r equency” B3'80F¢ BREIsdRade ﬁl@sﬁabeﬂnedribalfre‘qiubha%eTﬁgrexgiftatmgp&e

wi t [RSeacthethaémcantlat §&coHOEah ; f_Lhe pal ance bar's secon

bendi ng node can cancel the ﬁ%ﬁ?n@gﬁg%&%& 08?}?5 Retlestianpbf thef Bowetuor t he

f1 ow t ub@ECqMES SHTIGIanide catse hignbzbanpiea dwEs By 5o 4L TRLS HYi btrtggi O o

i ncr easegedgortiBets Ohlis hakgen i ngLease. This mai nt al'ns “the e velocity

athorts. IS phasé delay Cetween tha balance bar locations adds to the

phase delay betwsen the corresponding flow

e tube locations ang enhances the
sensitivity of the mater to flow.

30 In accordance with a first embodiment of the invention, the second bending

mede res fre ' g ' i
onant irequency of the balanca bar is below the drive frequency of the flow

tube and the a i
balance bar, It is well known that when a mechanical oscillator's

rescnantfrequencyis below iting § Ayt :
q y the exciting frequency, the oscillator moves out of phase

=~
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sane degree of balance for the flow tube over all flowrates. In summary
tiil'e CGloiiS fiovlmeter OF tilt present invention includes a bal ance bar
whose physical characteristics permt ii to have a second bendj#g, r 2002
frequency .~ 15 that is lower than and near to its first bendi ng node
(drive) frequency. This permts the' balance bar to respond to the Coriolis

defl ecti ons of th@exsilingvdisolasementr ddue raxytCitd Bhlas cki , jons aof its
own whi ch ar g4 Quf Opéh%mse m_t %%COH olis defl egt idﬁség;ﬁéfdﬁgﬁﬁf%ém
Thi's out of phase’tBTATT SHSHNE tRitliedAcera eeflpeians odehkdin outse OB ekhgsd haw
t ube and t he b@MHnceltizgs leikkKi f i i l.ance bar praovide an
i ncreased net 20 Cfphaszlebs(ﬁ%‘t?ﬁosgtg%@gg% c%‘%ﬁ%?’?@'”géﬂg £ 's4n8 Cariplisgefiections
sensitivity e isw bdrmanablbezton smalitale of teababHbs b‘é‘?’rﬁi Q54 owret er .

ba of

. H y=) C Y
Fur t her ngr e, FLHE%Bﬁhance bar gﬁat he present invention ances AR Msrdes

forces as wel'f'a dT$EASE A5dnaiGRyiaks dercenamitihg fibwr e indrezasRecthaal &heys
i nvent i sk Hald Age@ (CRLLeL 1S F haunet er_having 25 a flow tub
o o ancPRtiwsboshd MRAMG POc dERELRUSl BN Find 3 e Baianansapermt

and a bal ance bar oriented stanti

further havi AYeBelcesrsar casgles t6 tre towplbagnadhhal BRCR, é%{?){ r%t% f@%\ﬂ ssgg!;,gﬁvys
a (o)

tube; said had comprising the steps of: flow ng materi
fl ow t ube; \%%f?%ﬁ? CF%GW%EGEH'VBWQ@F@%OBEM aftriovfaripdiagie whd Boriolis
respect to dgasdm@ther 30 in a drive node having a drive frequency
substanﬁ% ally eqt%_gl té) the resonant frequency of said matarial filled flow
tube antP sai d ball&acedbetion aftiukiss aumn diesr disk & dARrfir O hegcrLons_in said
vi brating fltﬁ)gvd}iqgg having .said materi ald&?bf ow, 7 é)dwle?)1 ééﬁ%é%ﬁﬂ%éaégﬁ@w
periodic Coriolis dSTEELY SRLDEVRG LY RbYBICRL cerdepigregt ans tfasief b§ﬁtﬂgﬂn
tho

as, wel | as imteshanddg PG ectiQn; - rized in that said ne
further includes the étgggmgﬁfllﬁn Sglgr‘?ag%g'ﬁagﬁgsMqﬁg‘ésdéﬂoé@ﬁifmthmcsraatirad

bal ance bar P&EIC8 &f thadbalasce bagwbintytends Jo rEispans eirk/8 152 Lol S, e o
def | ect i ons; ot sghdhd Low dpbesysaid Coriolis Iike»r‘defrf%c%ﬁ%yrﬁlg\ﬂaﬁb”qme
same nunber no’bes ggé'éﬂu rﬁjé'?fi’h&ﬂb’ew-i PP N3RS negeovaihas ligkd ithget bAiths

| i ke d&bl ecteqond eiding rABdé N Vi | of _said bal ance bar
havi ng a resog’ﬁ‘r}éefreq%ency suf . cicggtgﬁ/éq%ﬁeoégéta%éc%ﬁg L?@%ﬂ@nwdéfh%%iltﬂﬂao

peri odi c Co?T BBRI Ba ¢eier. t Masads teeadded &ontid bgﬂﬁc@fbaﬁﬁieg ﬁ%r\!/‘?é{;‘?
i ke def | ecddraBsioBrisal dHAd A0S @if‘re; said Coriolis |ike deflections o
sai d bal ag&si ba;r having an a%@l i sﬁ?% PENGING masia fiequernnyi modetein the
peri odi ¢ riveliiesiutocy éecefiss thatava by id §i ith material flow .
15 detecti r}gw% he, velocity of said flow t[{?gg ’e\nﬁ%’vk\{%éggg)eq%tsgf:8ng e&%m Mdﬁl
of said bal"iMIY5HF OT6R!88 at i ng signal's representing said velocity of said

flow tatbe and sBERn¢elRGist¥nof ' | and.deriving information
regar di ng gai d flow ng mater al éﬁhggggggﬂggre%g&ssaﬂe}tfm%tdémﬁ Bgios offhighi d
A

si gnal s. ARBPHBE isesacond tenaingsmiodies e seflocahie 18 SHahfl (A Bl Ll ke
def | ecti onoknel ydesy) be, o160 8 Lnduci ng sai d | nduced fiode VI di7 6z

having a resonant fr e%pe%c%; EI8NP h BIPTAAN A0 AHiRRS T indesmaneas greatly reduces

; the second bending mode frequency while having little effect on the drive frequency

since in the drive mode thera is little bending in these areas. Finally, stiffness in the

25  centralsection of the balance bar, between the soft areas, isincreasadto furnther rajse

the drive frequency while having little effzct on the second bending frequency

These physical modifications of the balance barcan red

mode frequency so that itis lower than its first bending mode (

this is achieved, the Ccriclis vibrations of the flow tube

uceits secondbending
drive) frequency. When

are transmitted from the flow
30  tubethrough the brace bars to the ends of the balance bar. This induces t
like deflections in the balance bar that are out of phase with the
of the flow tube. These dsflections are referred to as "Coriclis like" in that they
assume a mode shape that is similar to that of

ne Coriolis

Coriolis deflections

a flow tubs being daflectad by Coriolis



Anot her aspect is that said step of inducing said Coriolis |ike deflections
25 includes the step of inducing said induced node vibrations having a
resonant frequency greater than said drive frequency. Another ect . is
that said step of inducing said Coriofis Iike deflections incllﬁj&ce?‘h?%@%p
of inducing said induced node vibrations having a resonant frequency

subst anti al If meequ‘&l, ‘50 said drive frequency. 30 Another aspect is that said
step of inddcifg VibrAvilehe and bsigngetvar ahthe ;D’@Ee[hﬂﬁ{,é}qgﬁ ‘gng sLep é)f

ext endi ng f auB@Tdritils GRIIMEP 1331 d %’Sﬁri odic Corioiis defletPFoRd ffdmdsai d
flow tuba through said brace bar td EPibarikeetubes assuimeducesaidy, rato
Coriofis |iw@smseetcatisrmidnpsa'séi»mﬁ'réé%r%fhcésffé floys e Gember 20832
Anot her aspgfht %@athag sai,d steps of vibrating SAFH BaIRse e Nsaesihislthdeme
the steps of. el STyeiaid the PESiegtt inventibmbeninave e8P APHS o Qi ai g, gri odi ¢
Cerioli5 defdeestions to flex a first end of a brace bar "r”reg'r(u’g';y%’nﬁ F&lelkPAg
a second end of said brace bar in r espouse to said flexing of said first

end to induce saﬂ'hema'seldf&héib&%n_@@‘cda‘?%?e.EB@Pie@Fﬁai d bal ance bar. Anot her
|

aspect is that ,said,step of inducing sai "8 PR Ve tiarcwitones ot s d
vi brati ng t}gsmelﬁi he karigie seflbetict efthe dlow ‘”@@%ﬁ%ﬁﬁ%gg?ﬁ%i@%@;ﬁf 58}

def |l ecti onshéReSeH t a second bendin
resonant f requeenc?/achstE’?@%ﬁ?ygﬁgva%ﬁlﬁaFe D8r sasendibending nesisenay s fi?sﬂ?gendjng
ve

operating §a0de (silvahireqbancyasTHES AR i fier by inducing sal
Cor i olyjps lleg plﬁoflecti ons i}ﬁ sai d baldg%lge @#“%?ﬁgqgéwﬁanwharwmman,
resonant fr Qﬁe ¢\PTofre8d# e Waclirsbaendingamoaedir urigs r,%giter than the
vi br at i onabeaaBbirhsEe 1,2f U}g—ﬁ g C@rhoi is deflections of &ard # ofviheisecand
said periodic Corioiis de E {5798 ?'ﬁ{%Géheﬂrlvgarequemuh@baéﬁesyarEéc&ﬁ‘cg
step of trRerYiBgMode viteatisiiephay¥e iy fhréchFio&aiig bal apce. fear fromsai
bal ance baf.Lo.said brace bar means to l'ower a DBHEHVI @ theflde tube,
resonant freguen °6Fd§a?aeaa¢rma@ewftamabwez@fsm@ﬁiw‘y IFQ\?%G@ of
| oweri ng tseeonhdLamanm Hﬁ%ﬁg&yecg .s%i? i nduced vi brati ors' Of = SRaMnce
bar bé | ower i ng the effective splrg P68 Hedne dageermy as%@oﬁ’é‘@k'&?&sé‘épect
i's tHe st &pe dRlansRebangetbed beadiienfibaelvisaid ior&g%ﬁeg vibrations of said
bal ance bwormstirﬁlﬁ.vc%w;?g on ‘of at |east one T lexibP 250 Mithothedfovs ale's
bal ance bar together w’ fiattoﬁet%’i‘%ﬁ?éﬁ@ﬁnswpmuxaﬁaﬁﬂténﬂ@%nﬁ’é}et‘% AST??{Y i
other portion &loveabtkrhairansy Rax du’é‘Q&R@? @SDGCt i's the step of g dVt di ng
a void in at | asf. one portion of “Sard 25y Fafcen®apnding owduarframpery i S
the step BFOYOUET [iish bendine mmdentriva quegn&y,of]'hé%gsdﬁﬂ'%ggﬁd'V. i dha doe o
sai d bal anee'sEeids ‘;igpatg:rnoa/r{%mf flexible portions ‘54§ Hajdhaniea par
at |geations of high bendr rg apgge Eﬁfﬂsﬁ%ﬂwb@?dﬁmmoﬂew&gﬁ@rﬁg}é jronal
moder® AndifTse. ag@@CVEIbSHYfmnsb@s@ﬁsé‘“i'bf%%We’ﬂ&it&hg end nodes of sald -
vi brat i n%aﬁé% ggrt%b% and said bal ance bar in o4 ¢ HFERdNBlow izt e
aspect is sald step § Hi‘ﬁarﬂsaﬁ“ﬁfﬁgpbaﬁgmsmsthﬁd%q\.@g%ité)ga@{ Pg%{%ff"ﬁgf,s
sect i ons holvevai n 1 lexibly sections of “sal a e
racdrabang & sRal SRfo ke Bl v Sest applications. If the balance bar

! - ciently close to the first bending mode drive
is amplitude and phase can be made so large so as to overwhelm the flow

tube’s opposite phase. This configuration can resultin a
sensitivity,

not

conprisin .
1 sgcond bending mode frequency is sufii
frequency,

25
flmia y i
flowmeter having improved

The configuration in which t

he balance bar second bendi
: €nding moede f )
is below the drive frequency is, h 9 requency

owever, preferred becausa the phasss of the flow

tUbe al ld ba’al ce bal add alld a.'SO because the ba!ai 1ce bal t‘:l dS ‘O ba"l ce ﬂ e ”O
. . . . . . b o -t ) W

single tube mete_rs, the balance bar balances the flow tube s

. naking forces in i
bending modea only. Thase g the first

cend bending mode frequency of the balancs baris at a

m!l h h h f 1 r'1 r) ‘78 Or‘o“ r"lc}ciQC)‘ tlle] O\ =] 1" = 4t a
C 'g ' QLG Cyt a tli C 1 HS i j=} (Y] l ‘VtUbu i e vfo S.,...O d
| er !e N . e' 3 xe C n
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a stiff section. 9 10 Decenber 2002 Another aspect is said Ceriolis |ike
defl ections of said balance bar are out of phase with the periodic Coriolis
defl ections of said flow tube. Another aspect is said drive ng?g) corrgri ésf
a first bending node and wherein said induced vibrations of s B4 erﬁ(,2

bar conprise the second bendi ng node of 5 said bal ance bar. Another aspect
is the stepnding mwelsiistdt kecites imend balegecray Thissakdits ar ond Rerds rtcrrde
of said bal ance bar by the provision of a center portion of said bal ance
bar and abeinkrBPalapepdiand eaLEABH NS Ueworeteniasbake erMptart shaking cgaighift

bal ance bar, ,t.0ge Lt h L .0V, Si.0 i ss .on.each si.de, of
said cent f}éw%gég % %%{s‘%ﬁ/%ﬁoc{]%el‘%r"a%]ﬁ@ét nﬁhg%ﬁh%gﬁggﬁ%f%tﬂé? Frﬁﬁ”@%”&lf oth
resonant fieequrneyd elousdhd ssécend @iﬁéitm@mmdmgfstiﬁabﬁs @aka@%%ekﬁ? kHMwh.he

provi sion of flexible portions of said balance bar at |ocations of hig
bendi Ag niieaeNTHViGashillisanant b2 paedisirt PReP®aSE8a@Ess at | ocations of high

Cori ol o1 ke DL Fd R e e R BB TR s TR E B AP me B TS hoiBel® ©
with the prréoile risds bpinesefunReIWaBS (98 s560rtH bEMYING Whss AR ARRACT

is a Coriolis fiowreter having a flov~r tube adapted to receive a nmaterial
flaw, a bEeeuRECYhHE low dheandtisbalgnralbiey vibsziglawiof pbasamithfdzotvothaésenand a

Cor' ol i o PR BN TorERY R aRatdi e PR S i e Bttt Cans e tinersg=inga
f I om@ ubestpd diathanCeribid i@k o (b AR WHd) TeSPEsbIitRieLaCthLhhBh @l
drive node having a frequency substantially equal to the resonant frequency

of said rafce@PdaNOge vibsatian mgreasgscaaing Galidlivfareeriactease. dids aimeinzdtei n

het 2 et D LOSLABSpPRAPLS SPIDIRCeT et one being

i hduced al d=vi avi ng terial flow said

periodi c Cori dhissntteihetid Oodolselogreharsfiehe prassht Mushgeh ansudfs defilkgssi on
as well as nodes havj nlg no deflection; means for inducing Coriolis |ike
def | ect i &3 WhesgaMysisal elifdactsastics Paraihil ip ke 2FeeoNd bendieg medeifmasenayi ng

Coria s S Tt LB AR ARRR s AR e R SRl R B baihe

bal ance e bakanicedar togsspemd td thee Qoeinty deiletiiaient the tdwsebd by paddlicing

f f .sajd 1 .10 enb 2002 i odi.c Corjoiis def|ections t

| hor ease GABIETF CRlasian THRPERITERT &4 PR AR ITiS Goraisds Baiante
bar; sai df (pafleW hibd. 1 K4s daf basHd @rebiticPahth tbﬁhﬁé{é?ﬁh@@ori&%’ B@ﬂe&f&g@\@? Hd ude

proportional to the magnitude of periodic Coriolis forces on sai rating
f1 ow t ub8ow tipe lRnadbe Gagiolis likevdefealiens ofthadaéandakanprevivelandintngasdd sai d

fl 0ot Ubﬁh%é @hff?é@te&teic% \?ﬁ%gt)ygér%érté’nd, in turn, a sensitivity to flow comparable

to that of a dual tube Coriolis flowmeter. Furthermore, the balance bar of the present
invention balances the Coriolis forces as well as the first bending mode shaking
forces.
An aspect of the invention a method of operating a Coriolis flowmeter having
25 a flow tube and a balance bar oriented substantially paralle! to said flow tube and
further having brace bar means for coupling said balance bar to said flow tubs; said
method comprising the steps of: -
flowing material through said flow tube;
vibrating said flow tube and balance bar out of phase with respect to each other
30 in a drive mode having a drive frequency substantially equalto the resonant frequency
of said material filled flow tube and said balance bar;
inducing periodic Coriclis czflections in said vibrating fiow tube having szid

material flow;



of said bal ance bar; neans for generating signals representing said
periodic Coriolis deflections of said flow tube and said Coriolis |ike

defl ecti ons of said bal ance bar; and 10 nmeans for deriving matlﬁ# al fl%WOZ
information in response to said generation of said signals. ALY ersBber
aspect is nmeans for lowering the resonant frequency of said induced node of
vi bration of said Qﬁﬁnce b to a value approximate thaf of said drive
frequency. 15 ~~ A ?H@‘F'CZ&’&@@? dedectiens saind cheangsfiyy g\p)éger-i ng &?nﬁ)ri ses
' added nass &8 walgOASIOE hﬁbiﬁg \6@-—51‘ i,onal anplitude in s LBFT B F&flestien
defl ections and cgrggrri ?es =]:le€ irbl e E”tc?tnppons of said bal ance bar at

| ocations of high adieregamonendt 2fid pad 0l i ke deflections. A
further aspect ismé,ga,t s%d drijve nogzétg(o)%gﬁ%és'ﬁ%{b??? te $Pénpdiafy node and
20 wherein said indacéd écé’sé*f(e\ﬂetf)’eatidJmincn‘ai@Béﬁénﬁélb%%fsggr CO:}P” ses a
second endiregpomeetofs £ d hia; aspect; is }hat sai d means tor I BKE SGgency in
further conprises adlrai gd center portidA’ s flaw Wdded mass on each side of
said rigid centerSdQdrims like dafddp ty, that. aid nmeans for |owering
further CC”Efc#r%ﬁgdUﬂex'.bl e 25 port?gﬁgggfﬁgs‘%%%arﬂglné r&noces hossit peAsdRn
either side™© CFFPEPRE cent er portion. A further aspect is that said

fl exi bl e porti onsgenpy bel . A further aspect is neans for
concentrat i ng t he e]trfggét@?\%em“s’p#élm%n(gpss%f@ea@”I'@d@@ewmﬁdé @W\/‘?M?f?or?%q sgﬁa. d
bal ance barP&langaibar hexing bmson%nﬁ&féq*ﬂ.@hﬁ%@ﬁﬁe@k@lgzqSUbStanti ally stra“é]ht
3

flow type - tantially straight al an e IR therfrégurerag pd afaid
a fl ow@ubﬁé@q@ggggﬁﬁ%g%d OELP dieranse &‘aelxa'halﬁggelaagajﬁ%#dbq ﬁ ,cur_ged_ ¢
porti.on. in shid baldAcBegenber 2002 A further aspect is tha islike ge pctipns

i nduci ng said C%rai@(glci:s F;| k;kdef | ections in said balance bar includes the
step of inducin réornidls Pkéedsteidtiopki ' i d_bal ance bar with said
Coriolis | bediethaehions defining an i.ﬁgﬁggg e 271 hR\ing oen efmpiitiude
bal ance bat Havi hg a igTRaAtude @ gjc Corielis fobey driaeidigaHeaaY., at, Whi ch
sai d flow materialglcsy;vi brated; said Coriclis like deficctions @@%ﬁg‘%‘ﬁ“f@f
phas ith said,Coriolis deflections of said flow tube and havi ng an

anpl i tUde propof€ieGHAY the \ft‘ifv@itprscgrtiaﬁudl%’wpfubﬁ%ftf?qg%pe riolis forces on said
vi brating Bdiamed Hgis with material flaw. A further sg'gé? SR velaeitsaf gaibans
for inducing Coriol'is deflection in said 10 bal ance bar conprises: neans
for inducing Cgdreratng sisealdes | L i d balance bar with said
Coriolis |oifl§%md§ Lecti onE defi%'%%Shgﬁaf?\@l@éﬁﬁﬂ}‘rﬁg%a'éflowlitwgahdeaidfveﬁo’ﬂi@

bal ance bar "havi Snﬁerbéé'(ﬁf%t frequency | ower than the frequency at which
sai d -fl ow t ube degvingbr " id.Coriolis |like deflections in said
bal §e bar bei ng ogt '.'g?ﬁ’gﬁé";“g f%%rﬁl%is&z_ ”@Mﬁ’@)\]hatedaf'lirec‘rbisﬁ)é}%eoio 8a;
flo ube98ReraNaliHf$admhsignplsi t ude proportional to the magnitude of periodic
Coriolis forcegnﬁ{he%?é% vibrati ng flow tube with material flow .
Description of the Dra eﬁbés By eteanef dueingaslviantagss pfo LR feat ures
of the i rineitiesrthengtebeohaidi@ing 2Q;d!h r;t ood froma reading ‘bfdeﬁﬁ‘ét!oqs

fol | owi ng d% ﬁd description 1 Reredf 1aRi RGP nViR@Hpn dtaviry wi trBs bhent

dr awi ngs ' 1 HARCY eS¥Awrsid drive &egeenoy. di agram of a prior art single tube
Coriolis flowmmiRker Ei e; iLscl.oses a rotating flow tube. Figure 3

di s%#oses a vibrati F\SSEFQV\}S&E%&.SE?& ﬁ'e*—?@;&rfé“duﬁﬂgcﬂadx‘s&rbhﬁ IRar Qa5 )‘_,gr ces
appfPed t5¥¥as thevstepbef ot UEINgUESIBindte@HT & o3 di.gcl,oses five Corl of
responsefrgpuaﬁr& é}eoaw t ube of Figure 3. IEI guré g Y '?@PB%é’sangstarEEisghtant uba
Coriolis fl'o (€3 #f KlaPs@idddvri freqdieagy.ose the Coriolis vibrational
charact eri sti Asotiferaz $idgl; jolis.f]loweter of the present

i nvention , 30 Fj ures§ﬂ9 ar;% tﬁ%tbg‘?ggﬁ‘ég’eofFﬁﬁamyatﬁe@pwmumm@&t%st he

f1 ownret eFCEPEENESy SRR indwaing i amid IRt QtEPIndde Yadn LS, vector di agrams

: D aving a reso
of the S‘ré’lﬂle%c?%s%da%'eaugftgmggcti%rrivgffrequency ° nant
30 '

| Another aspect is that szid Step of inducing vibrations in saiy balance b
includes the step of extending forces indicative of N

sald periodic Coriolis deflecti
' ect
from said flow tube through said braca barto said bal o

ance barto induce saj .
. . X ) art saidC
like deflections in said balance bar. oriolis




the present invention. 12 10 Decenber 2002 Figures 13 discloses the node
shape and bendi ng nonents of the f first bendi ng node of the bal ance bar of

the present invention. Figures 14 discloses the node shape an i
nonents of the second bendi ng node of the bal ance bar of the gpgfs’egg@[}&zooz
invention. 5 Figure 15 discl oses an enbodi nent of the present invention,
Figures 16 and 1Anditlsel asmedtlie thdthraid istopsl ofr esptingesait aradnicer bat heridefls thiae
Coriolis flowneter of Figure ~ 5. Figure 13 discloses an alternative
embodi ment 8f€RSY" Coriolis flowneter of the present invention. 10 Fi gures
19, 20 and 21 di ggi; Vi Lonal i chakagdLerd stil : cept.ual..
Strai ght tube Cort ol Pe T curter Y Eraul i 3 2 S5 PR SoFiUE Wiions
vi br ati onal tacfiex adirgtrérst bis bodcoober ppeass;kdrel strai ght tube Coriolis |

fl omreter of the present invention. Figure 25 discloses an alternative

enbodi nent of a CBFNBA IEANLEIhe! $2iBETa%S FIJRRERANST 1ot ¥7d fipsgef said first
|nvention. Fhgis maelsdang CasRRs flALOlionsTh QU AL caROMyI ng the present

i nvention and having a curve ube ‘and surroundi hg Bal ance bar.

Det ai | ed Descri pAnotheFhepsetihtthtand appefiatiudngtaidComsiBIRBIHEMMHS AR aid
overcones th of , 20, l ow sensitivity in single tube flowneters by

|
t he provi si%gragé‘ggmg’l‘%ééf ISICERARS 81APSIGTi es fl owreter sensitivity. In
d t d t: : RS oA Lo t t he.
nature of the coroaria St Cobs BRNSsestb B B B b AT B AT b pP i e

in thed | ownbdbéaviaged heseridne frdigabocy suirstaetall eyuahtpbag einsbiffquahopdaridie
flow tube. 25 Figure 1 is,CJt at er ds;rgri bed and is a vector diagramcf the

vi'brational vel QRS gic prlanee RAREEM&SNapic AR RSTieEPyindicngssaid L erialisbe
202 throug B | i S 1 faW J - 0 i ut
"ts end oK eRcTHEN SlidpRianc8MaPa1 85 chpnd SLALER oK SRR TR o

from the egaitbalan¢abacararotinglitndegreatat than tifeviaradioNeltplitadt ahs 838 00ldle! | s
= angul ar velocity 1la

R TSN T e R B T LR

T 675 TTph 2 prRvelaih polbep M b sl s gy
bar from said balance bar to said brace bar means to lower a second bending mode
resonant ffequency of said balance bar. '

Another aspect is the step of lowering the resonant frequency of said induced
vibrations of said balance bar by lowering the effective spring of said balance bér.

20 | Aricther aspectis the step of lowering the frequency of said induced vibrations
of said balance bar by the provision of at least one flexible portion of said balance bar
together with the provision of increased mass on at least one other portion of said
balance bar.

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

25 balance bar.

Another aspectis the step.of lowering the resonant frequency of said induced
vibrations of said balance bar by the provision of flexible portions of said balance bar
at locaticns of high bending moment of said balance bar in szid 2dditional mode.

- Another aspect s the step of maintaining the end nodes of said vibrating flow

30  tube and said balance barin said brace bar.

Another aspeact is said step of maintaining comprisas tha provision of stiff
sactions of said balance bar and flexibla secticns of said balance bar not comprising

a stiff section.



~-- 2pA(cvxx.. v) .. 10 but: M= nmass flowrate Fs =2 M~ ca Q The
Coriolis force F~ is uniformalong the Iength of tube 202 because each part
of tube 200 is rotating at the sanme rate and the nass flow ratg i
t hroughout the 15 flour tube. Figure 3 shows a straight flow tﬁ)bgg%%g)%{zgdt?
is free to pivot about each end 301 and 302 but is fixed in translation at
ends 301 and 302. E\hemetr%gﬁ 300 is vibrated by driver Din the first
bendi ng node at its reso Fth’ISéqiﬁaﬁéw“SL’iHeeda!@uiiohgrcfsgarici%Eg whi | e
mat eri al fl owshese wisighha berid’éﬁo‘d}gf f-gg\g%%] be passes t hr oug F@C&br‘di%jﬁtout of
(zero 20 displ ace r%t% poSi tiirc;n 6% &5 %/b&r’ d<L7 s@id §owdtibehal f rot ates
cl ockwi se while it graspgal Is sadd drivesmeQp ockwi se. The rotations
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decrease as t 3 ' center is 14 10 Dece igrioed . 2niheers;
center does n%a:?d Erg'{&g?i V%U?&?%? 8?§altdrfmi@rhm bsr ca'rhﬁri§9§‘ﬁéasie£g;iﬁatt{?! out 1 on of

Corol i s Bor cezidbalthes bhpw t ube 300 as it passes through ing Floame aertf
3C3 is shown on Fiégu&;é4 The Corioiis force is in opposite directions an
the tyro hal ves beff aspecttiaies febajfi of tions are opposite. T he
Coriolis 5 fgEqg QHE[%' O§.hes o serorat Th c‘;eﬁl%erFSBEéah&équmy@ftmd 0Bc g
the tube dinm ni Shes SR Blaperbant e pravisiohest a@%%rgfﬂer ence bet ween
vibrating tubsr dDadfextigwotich 3R% tcge 'éoéﬁti ng tube tUBNGlFaidDalance
that vibratin thube,SOO does not rotat B2 &t §§St9}',pduﬂtmsbtf%§dgng
reverses di rtgg?ti Bhi"itadhe nepwision af Imreabistashb OB faver sl , the ot afl 8RS Gte
A e ! ;
10 zerdgand the %roy@r'ag ffcir.c on the entire ?Po%cﬁﬁaeloéséé#a:ﬁmﬁﬁom@ﬁplt
is that the magnitude &rPERES & £ispidd Iavearirepsaif rESEHHER A \Ggr?f s'}nu_soi dal ly
with tinme whehcingenooebmass BSGHEEL bAP ﬁ,the flow tube vibrafFYR! iesecond
t hrough zerg_applitude and maximurn vg FhPYisien %‘H@Miblepoﬁimroqsgfdgaq%
Coriofis fo %’ég@ewf%’scﬂflhlgmbe@dmgmrﬁémftslélp@b?;sa t heqf | ow t ube reac rgge
i ts maxi munoyhisaté R Rkl tudc? anﬁi zero vel ocl VIR RHENmsint teasedbenst Ag
(drive) node. The fre%]uenc%;lo ?H@‘é‘-ﬂ%@(ﬁaﬂhsemﬂ b&ARYIn e the Coriolis
force to the fl c\eatbéreaspect Resa5R0B;; !ﬁgéed f‘f eguengy at ICh. it is be ng
vi bratygd; ﬂggg%%, the flow tube s first BERHPAYNCwceden saiddfaléﬂc@'t?%rié}g
frequency.. ‘LPoW ¢ T8 ! DOcpedieLenivlis asfioosed §ahﬁ fBerd odic Coriolis force
as shown in Fi glAthH%ra'EBgctS,gld'g ti%,nef,shows t he shapé (¢featly exaggerat ed]
the tube takes in 20 response 8PN e i having adlo%‘tdﬂé%&é{ﬁgd pqa ses
downwar d t RrBRi§HaAkavs ajbalphaeeim@ﬁ'iehfédtglﬁpsgg'tﬁ, made. The dashed ?ﬁﬁf’%om
t he shape 5)@3&%& %kej, ab it noves upwar d ¥ RAabedte sdicsibacereahgian
the drive node. &2 RdPT (R&PbRg yajgbibatanes bf‘letéléé\f\fgtﬁép‘? that is in fact
passing t Hiawmbter eghettcohiprfindist ant is the md point 'of {1he: 37k Corindis
shapgpf Fi gur%.S is simlar t© the second bendi ng node shape. 25 However,
this s just a“CYPrBfaEntny. vibteintreaseney et e s%}%ond bendi ng node of the
fl ow tuberé@mwe%& Bﬁlrert han,the frequency at \/\/It?ia Cﬁriéafwtiaflprmsé witige of
Figure 4 is applie }?t € farI@q%éVﬁcWOQF "tawélgfafr!et;ubﬁawsug tgﬁg% Si nce the
f1 ow tuberﬁis§“5étﬁﬁgqeemiytﬁttalayn@@é,i;:glfj“g ;,8[”cte§ at_vrell bl owY; §Ea &R Hini
bendi ng resonamarff_lrtgguencry this Cerl 24 fiow § &P Aidbairicerbzpf Fi gure 5
and the Coriofis FOrEecdin hagsre methocifurther plaagfssr ~i th 30 each other.
Fl ew t ube 300 geriideS QbRojaS JHHE ioEgﬁj Sha@pof Figuré 5 as it crosses z~r o
di spgacenent axis 303 in 1fs dflv DIGLred in iskicsvibkendi ma) de, .
MAt ér1 al TIOWakfiewboses the Ceriolis induced vibration cf ki gure 29on
the driven vipat) Figure 3. This is shown on Figure 6. Both
vi brati ons occu?%%cﬁgecwlagst Cbi?ﬁiicﬁg betnechdractarizk4 %S?er 2082 drive
f r equenc{s ltas hegesirayi asesBLfiged from each other by |nﬁé3tf§79 %@‘#%s.
The Ccriolis h,%ggcefd di spl.acenent mnexi mum (solid |ines} occurs when the
first bendi ng nodd 'P§ UGG Catiopl lkeedeiictiahang ggsésb 303 T he Corielis
di spl ace@enmlfsbléem@cﬁﬁsoh%ﬁgﬁﬁ he first bending node 3'8¢k baayithusaid
di %aceﬁpt._édashed (Tines). “Figif8'sngmbsr ghabdgs s mFggw;eQA in that
it repre 7cd9%he state of the flow tube in so far as Corfolis" é:frioéfétions
are concerne 1. flaw tube 300 crosses zero axis 303. At this
tinme, and at ‘itaﬁzl} go?ﬂg%"g]ﬁsl%f?qcﬁéﬂﬁcﬁﬁﬁﬁbisnfi:@di@@—:fd ?HHE:C?N lis induced
def | ect bstssicararatavin @@g&t@naﬂ’gbbt Cide. As al ready explar & op! megiire 4)
the Coriolis forces dimnish an u'l”bJ T EF§IBeclone taeei whan, Eher ggw ection
of flow tube 300 reaches its 7 O maximumin either an upvvaras or “downwar d
direction. At this tine, the velocity of the flowtube is zero and so are
the applied Coriolis foorces and resultant Coriolis deflection. Thus, the
sinusoi dal Coriolis response shown i #0Figure 5 varies sinusoidally in
anplitude at the drive frequency as flow tube 300 is vibrated sinusoidally
inits first bending node between its nmaxi num positive and negative 15
deflection' by the drive signal.. T he anplitude of the Coriolis
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- bendi ng sHeds Méﬂ%h%ﬁigé%]gx%%%i%%eeggégnce bar 602 second

ends and in the center). The third bendi ng node has four nodes, etc in
conventional single tube Coriolis floe*~net~rs, the bal ance car only
vibrates in the first bending node and | acks any response to rd ol i
forces en the flow tube 5 Figure 6 shows a single tuba Coriol ﬁ@%%ﬁﬁﬁ%@z
600 having a flour tube 601 and a bal ance bar 602 connected by brace bar
603 and 604eabdicColAIisd e Rhan : | d_lines of Figure 6
shows flow tube 601 and bal ance %g}é?g%sf@% %ﬂé@@?@;§a?e$8n@;%l¢q%§@¢§ﬁ@ns
axi s 303 i i $&i Balaree bandi ng (drive) node with material flov~r. No ',
Coriclis deflectf! appear. on, bal ance bar 602 on Figure 6. The dashed

| i nes show 10 t%%%?ﬁ)%wﬁb@kanﬁe“ ligRg ech s ichtbalarc harahdviext ent affplitded 1
vi bration progidrgofdingtthBeRdE Ky j ol e 1l is a vector diagram
di scl osi ng the vibrational Ve oc(éa:j?{l é@%ﬂ%g’?&o%gg{f%h@ ﬁ%av‘@ﬁ*’tﬁiﬁﬁﬁdlowstut@l e
strai ght t\ie merial flewf | owret er as represented in Figure 6. The response
of the flow tub@e‘%t tfhe [j:%ht velocity sensor SR is vector 103 which has 15
a .l eading phasé®28S{gbests Eﬁgé]"s%lﬂ?@éllt‘bw$&16f@h\gl®eb&immpe\cem9éidb@%c%d
the real .g¢=8d BRRNcENSvi brational velocity of the bal ance bar is not
shifted in phase fromaxis t 02 since the balance bar is not affected by

the generated C0¢&ws for Jameratingsighhis rbpechtihg saibseka; eeLar
102band i@genlti t Irgﬁl]%eéggp%%?fyefﬁ@%@ét or

(106) is Long .the real axis. _

sum of th%gﬁ/\@%ﬁgﬂ%& a&ﬁ’ﬁﬁ%ﬁ@%@é@g? CREFeans &ssaig beGtice\tent and 105 20 has a
phasdOangl e ~ TRsanf LIRS 2 j vector vel ocities and phases of
the flow tube and bal ance bar@akﬂfaéﬂ?ﬁg?ﬁﬁﬁg xﬁébr?ﬁ%saoéjé’sﬁﬁﬁISé'C{ﬂﬁn%ﬁthef
ri'ght sen8®d $8803ls. | ess than the phase angle for the tube al one. The

reduction in p I and sensjtivity) |s due to the | ack of phase
shift of the bgﬁéﬁé’%?%aﬁeéwsm;@rfw r%ﬁthelfés@%@fmensy025ai6k1r&juced

enbodi nentnods bheibpagserd; 44 el ovgen-EiLgure 7) provides a
bal ance bfar . whose second bendi El%% ?rt(ztséo\ggl#te ?E%%EQP@? fhet g i I9jivBel ow

the firstf# %y node drive frequency. The Coriolis induced deflection of

fl owmg ube 601 I econd bendin de in the bal ance bar 602 by way
of brgace bar s %gghéﬁg %ggfzafh@agﬁﬁf f’l?@%sgfgr?‘h‘@e%% &ABWrisas R dvinksatin on
in its seegihsbefridghyibmeend0ahglificenasaPeakiolio | told s deflection
anpl i tudgl of_.fl ow.tube 601 and ?hus i's ropopﬁlgrl{g?%tegg%t O@SrfgachF?'EP”F?%w
rate. The'SRP AAHNaRbISeidibalasrenkaalcbctions 0P High beadpecaBmhdiendisag mode
en Figur @o?idli%liﬁbsdbf%cftiﬂﬁg“ on of the separation between the first bending
nmode (drive) frequency and the bal ance bar second bendi ng node 17 10

Decenber 2002 A Betremasgact ithat gaidlieva hesercdrhgrsac ' €
freggency,af i?:hga'fg Iance ' b@l’e is to the first %réndi %g%%%%@gzﬁmggg and
freduency. the uteat 8FCqf IMOode of vPelien & issifubalanaepbin cateprifed hesdoainance
bar in ibsndimganddeéendi ng node. This relationship is shown in detail on
Figure 9 whi CR is a graph of the vibrational anplitude of the bal ance bar 5
inits second”ERBEhEsPRALéS thiat saidspeans ftooldWmirrga‘Uhﬁeb@id«i\@@é\estéW%&ic%ﬁ{er
. endi ng node
r esonant frqucefn%. N\ CRAter goBENween the fir st
bendi ng node Qduitvey dapegténtiatadiid rhgase e wRe M nant .
freguenc orﬁf ;gg b:@{ snce bar. The y axis 901 ?e ?@seuﬂtthgpgﬁg{pzﬁgisﬁl@?‘@é?i on
f acTor Re® EoPF Gt PRI2PES FaRabIasrliBar aneinsasice0 saks g coarerhwseen, t he
Coriofis resmm@hémgw'gﬂ-, ibar, Hf i t..2 i mum when the ratio
bet ween the drive frequeng‘:y aaﬁggﬁgg)gggooﬁgqﬁtﬁéf@é‘sW?)th(?‘%%onant .
frequency of 4 HetlRasmest Isaneess far@onTartraing Wil o Ja698550, 904 PL; E?‘h

e two

bal ance r r rds zero.fromits nmaxinumas the ratio o
frequen(?:?%sﬂﬁ&f%igggrstea%@%‘&g AR SEGOBR&RAL. 0. The Coriolis response of

the bal ance Weafurides@spbet isdanibeasarli sQmght Bo R a1 o of these
twg freggg%ci etz:becorres | ess than ong. I%}glgur e»@gég o%ggﬁé?t%%hsg%’mm
freguen F cgr"rrelatively cl ose, the vibrational anplitude A~b of bal ance
bar in its sec i ; uch _hi gher than the Coriofis induced
ampl i Tude-of 1 1 Tube G010 Ao LDeaT i 5 HENEr imsen e penars ser

enbodi nBAYINGfa eWwegrpmstion. i nvention operates the Coriolis flowreter

under condi tions~ 20 in which the second bendi ng node resonant frequency is
slightly Iower than the first bending node (drive) frequency. Under such
conditions the frequency ratio is slightly greater than one. For another
enbodi nent, the ratio between the two Qrequencies may be slightly |less than
one. At that tinme, the Coriolis flomnéter is operated so that it's response
904 on Figure 9 is slightly to the |left of abscissa 903 representing a
ratio 25 of 1.0. The phase of the bal ance bar second bendi ng node vibration
with respect to the phase of the Coriolis deflection of the flour tube

o o, v o . o o, o



first bendéglgo,ﬁﬁgﬂ resulting in thembeing i
el o
. magnet andnagnit)de bpPp&ALSE!C &Q (9} her in_. hatisfe I n Fi gur
on

vi bration as shown on Figure 8. if the bal ance bar second node frequency is
bel ow the drive frequency (radio greater than 1.0), then the bal ance bar
second node vi brates out of phase with the f |ow tube Cor ioli i i

as shown on Figure 7 . Wen the bal ance bar second bendi ng mc}?ﬂésc%%%}%@z
phase with the flow tube 5 Coriolis deflection as in Figure 7, the magnet
and coif-of left \Illﬁe#ugg_‘ie':f%gsents_orngL both lag the flow tube m dpoint while

t he magnet and coi iggRECg ity se@NSoh g : he flow tube

m dpoi nt . Th@a%in%ﬂ?r?h’é[gai ﬁ{:ﬁ each seﬁ?or noﬁmérigéel? dﬁi@% b}%’:‘ peadions dusaid
by the zero phase shift of-1HE BEP&EAEEUSHIG @Ei’lghuarl&ehe)ﬂe@ﬁorﬂé’inpgaji(gé ArtL

fl owret ers. Withshir@orgls le@%eYlieE{jc?rﬁé Egml i tucge of the bal ance bar 668 bar
second 10 bebgacj_grg%,node (and thus the Vel oert YERS GTodstd sibratitief ¢sarfa /BB co
greatly incr ng adesrgantieequersy ibhat tHanSthe §RANARE t{eﬁ%ﬁncy is close
to the d&yiveihseguency. This results in a large increasd' VACHISwdowtube is
sensitivity. The Vector diagramfor a Coriolis flowreter having its bal ance

bar second bendi rgidrodeidit aqy ightly below the first bending node
(drive) freﬁyenc is 15 s’hom%?ﬁ’g&?%%?%’&fﬁwrﬁi%aaawhmmcmpnga@n@@adﬂae

real vel oci PySEGHRSuee enddaving an 2mBieuye B ﬂlgfgc.l,} resents the
i magi nary cggp;gnfzmmgg d %,egt ciir. :Thg bal ancg bFZOr' ve 6%:?%/”\?@8{%?9 P&penodc
The flow tube vel ocity Vettor'draling gowrdbe aéthoaatanial §een, the phase shift ~
tube of the fl ovAtfulbder et 10441 S, han the phase shift ~paibar of
the bajance har VECt or 11_%3. Thgﬂ\rgest%‘&s?g%%ﬁs t’”a‘FC'%IQﬁﬂCﬂfy cleeton SR odf i S
t he vector ﬂ’i’f% g5ecHRIIsaapl i t ude) of bal ance bar vector 1103 and fl ow
t ube vector 1104, tar . represents the net output signal of the
vel ocity sensor. Sﬁ%%ﬂ@ﬂl%&ﬁcﬁgg zp?ﬁ%@emiﬁ fedectinns in said bHlafld EEP%@} EQWI he
X axis. Si @m;qlradikeeuemmmscﬁefmﬁeh iTRudcy HBAl G\ Lhan the phase fhe
fl ow tube, Prépll s geonetry is seen to have a g e} ‘éféf%mﬂmhsaw thinckhes;
prior art B2 JPSEngil Beguannys bwearchan tﬂbéfgécgl@nicz a%@vﬁggwnd ﬂ Figure 1.
Figure 8 stipygtean enbodi ment where the bal ance bar econd° h&f @Wrﬁééé Is
frequgg)cy is sli g'gtéy above the first bending node drive frequency. Flow
tube 691 and bafaiAdectialis IBE2d &R tidhisY ase wWith each other in the
k ﬁ%awga,ghcgﬁaggemﬂOPhéfEitoaiaaWitlsfsaapond :
@aszéowm@mmn@a@mmsxﬁresé;D\f%s?eﬂggérm()g{;g |
) 0 nt
of the right velocity sensor SRET FYAM BENhbew sl hecailly nedtessigthger o
(I'eadi ng phase) while the conibwetripdn JRtEA Orl bl ance bar has not yet
crossed zero (! gﬁgohaieé\. Wien these TWo V y vectors are added, 19
10 Decenber 2002 as t1ey aPEef 8AVEMagSE né e fealrege toalipEby ’%? gh%sg | ead
and £fg tEnglextsmommnﬁh_@q@@dgﬁFt‘@rtheT%?,O%ﬁdh%{ydaﬁerue f or 1 £Y SEREETsL.
The resuléoryé algredu%tl on in Tloweter se CEIRPE yReskiiptinne thiRe of lakiid @ es
the vect or "ddar{a bW Ndnegrawirgsde which:havi ng its second 5 bendi ng node
f'requency sl i ghftguye 8 irst bending node drive frequency. The
vel ocity vect or?912%41%%:‘56\{%1%&{jtaHfargfggéo‘?r’%’cﬁfbﬁiﬁ@ﬁttumCbh'elisf fowmbethe 1s
of fset from t HegKraRidisdasss hyotaha arg) g5z, use. The velocity vector 1203 ;

of the right C onent on the balance bar is shown in the fourth
quadrant and fﬁggﬁgéﬁ%ﬁﬁﬁ??{ rgting flewybehe angl e ~ pal bar The vector

sum2St flow t Uhigunees ipycidedd bar ,1Q vector 1203 is vector 1205
and it is offset fromthe X Qé@@ﬁgeﬁ%sﬁ%“g{a& deflovetubersf Rigmret® seen,
the net phase 69”\?6%?&3’0]_5@@5?1@@mmﬁsiras;bdsresen@{g%iﬂg@tt,géj%p. uadrant. The
bal ance bar na‘g%},-gv@ glagggsadgeﬁd %go he fl ow tube positi e’gﬁf?age was enough
to reduce ther ase??an SB8fsT 138 ‘rtEV ei@l@dﬁ“ﬁﬁ@‘%ﬁ@&jmi ve region. What this
real |y means Fguweat apasd tisvie saeh€Oodb] Winl| result in an indicated
flowing ﬁo‘%e%%'ﬁlg dirrtgcti on. 15 Thil_:)slé g%ﬁmﬁél %@éﬁ%ewtpﬁ 0bg stigémbiibeg t he
Si %rébon The I ndi cated ¢1ORR&ee)t ipventiarere is . anot her reason why having
th al ance bEigursL9 i r ency slightly above the drive frequency
is less than p?efer_r?g. T g’sg%ﬁ%ifg%bff\%’ﬁeﬁ?dg Fdineesofitne vibivelztd s thal ance
bar secc?ﬁﬁs%’étrim?@‘%de frequency is below the drive node frequency Is al so
preferred to;:i@@rcgv II(? eter 20 balance. in this configuration the
Coriolis force®on f1oW?tu €re86@06&Fﬁgﬁéﬂ’@aﬂfa“médgibw&éﬁ@oﬁﬂfsq{@g{p ndi.ng nmode
r esponsopraseet bateanioa, bar. !'n conventional single tube Corio 'i% ro

fl ommeters, the balance bar dynam cally balances the inertial forces on the
flow tube in the first bending (drive) node only. The second bendi ng node
of in the balance bar is at a nuch higler frequency than the Coriolis
deformation of the flow 25 tube (vvhich occurs at the drive frequency).
Therefore, the second bending node is not excited in the bal ance bar of
prior art single tube Coriolis flovrrneters. This results in the Coriolis

bendi ng nodeé.
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20 10 Decenber 2002 When the bal ance bar second bendi ng node frequency is
bel ow the first bendi ng node drive frequency) the two nodes vibrate out of
phase with each other and the inertial vibration forces of th

bar's second bendi ng node | argely cancel the shaking effect oﬁoaﬁéecg@%rgrlzeolzs
force on the flow tube as shown on Figure 7. Because 5 the bal ance bar's
excitation sour CEidipgs i 8 8iseRE@BthDRBALRE=PPI8d benti lAtd flaedlon of
the flow tube, theg vi bration anplitude ofﬁ?he Ba’l—]glﬁge @Fﬂ&é@e‘@%ﬁ#&ﬁﬁ%ﬁﬁﬁg
node i ncr ed®e8e4 thadatancediarofitoe peesan investibhow t ube i ncreases. This
provi des the sang r f ,dynam c bal ance over all flow rates. Thus far
two embodi nent snﬁ’gggg%ggﬁ?%ﬁ'%%%g“]éqmtadﬁa%q‘a&&w% bEReNSaMaAten & tnseeenthd
bendi ng_modssridiegiens cabe e bif & (nBeneiag ifRdagdri ve) Trequency and
the preferred enbodi ment which has the bal ance bar second bendi ng node
frequeicy bel ow Rigerd i § gischsedi amyembddiniemt ofdhe presardrimyentThe third
possibility is i et frequencies.equal. T his is possible) and is
t he most sensi t%éu%%dﬁaeaﬂd\l\ﬁgl%{ﬁﬁgﬁﬁ g%déqr%é?ﬂ‘?' B5REVER Crigragigestisheontijeor
probl em Timridiigicinhe:sand FRal-ance bar are 15 both driven in their first
bendi ng node (which is now equal to the bal ance bar second bendi ng node
frequency). The N@Wweatd dacipsesanmtipridtiveseniddinenbeittier@oioide] cohangess it h
t he densit he fl.owi ng material because the nmass associated with the

fl ow tube éﬁ%%’i%’}“ Wt he density of the flowi ng material. However) the
frequepcy of theidiabanoe2baindser aldidaendt NVebraRsten 4Pesa 40% ¥
significantly w t%ﬁfl uid density 20 because it cont g?%éguﬂsg%fﬂd%dc.onfﬁpgual
produces astérighhtubtenCrriolighfiemmetar. t wo frequenci es (drive and second

bendi ng) match ' nsity..For lighter materials, the

bal ance bar secg%%%%%’%%égé% %Zﬁ%ﬁ%yjqrgr%l A HLCH$HCSt ohengiPrgSikiele

(drive) framighcybandofisls feanetsr dfabebradeht idvehfiogbove the first bending

mode (dri've) frequency. For light material, the flow tube and bal ance bar

then vi brate ouf!S§fe r?ifi’agl&@eﬁnam [reteeas yede mbadinmentColr & oCosolimsteaightotuidie

heavy15’rat'qg[cj"@rbn{g} tHé ;gg&tii@eg{?ﬂae in the second bendi ng-Coriolis node.
, the fla € Sitl

Furt her nore ter se ity arnplification varies greatly with

mat eri al * densi thigure2s tiseldwlsanCeribhs HeomackrReittidythdPaSH b ESRUSREY ok S A
t he i medi at e .vi Ci ni%alﬁof the drive frequency (Figure 9). This shi?ti ng

( g

f1 ownet er "GYIE RiCHTYSF Hal thle apRSUROANEm P d2RGRAGal | y based on frequency.
30 However) for high flowreter st@pbibibhyped t.ﬁgt desi gn has the bal ance
bar second bendi ng node frequenc etow t he first bendi ng node
drive node*freqienmpthdtandneppatis pithegresamt &iveadoh bk odensthb praimiuse
the L,hequencies t.o. .21 . 10 Decenber 2002 nmtch.. The best design al so has
the PPequint PESsUMND singleiia FERE a0y HE RIaVSIREG e anea har Tt somaios
bendi ng nmtidemdlesisghsietai |18 dider REaGRENEndasEy iRt S Lt g he
desired rel ati onship of }tahe SECOII’-ld bendirngnrmde ft@%dﬁemr?@% '(t)?gﬂhéees\gghéﬁée
bar to thEPEEISERNG thenRiHEE whdBedepuelis fergacaicyhe Tiow fubef dhe edisterbadihient

hasthefﬁjqﬂ%lg ondy L 0g: j cientl el ow t he first
bendi ng n% e r%%ﬂ?erggﬁetﬁgtgf SO ?ﬁg?h%gbsﬁ&ggﬂﬁ{@kﬁﬁpgﬁ%FE&(PEOW eékXée
the two fiubguencies to cross. Having the second bendi ng node frequency
bel oyethe first. bendi.ng node drive frequency is a unique situation that
some“Wwoul d cal F'q%gslg?%faége {Q%ﬁﬁ%@%ﬁ%g%{gqglamﬁp@ﬁ & Hpaatipgalyglocities
acconpl i stfadeffdimetsthg Fig@ef@ct ors that deternine resonant frequency of a

vibrating structure are mass and spring rate. The equation for resonant
frequency is: Kigureghehews B-tube-288rthrelghavBiom maters is loonmteks torcgetast he

f L d ' the first bendi de (dri
1 equency) BkampsRneere e et B TP LB hobniBr o undiaesh 2piipe emac=or h
rai se itsd destedénd thg eqekeiondior C)riolis eabeBeyioant anREwidss ggcond bendi ng

nmod 0 frequepcy. . lncreasing mass and towering spring rate (stiffness)
bot C)gerve to (ILJ%(\;\%'F ??@E?!éﬁ@?.m%bﬁmfe%sﬁé gsesonant frequency of the

second bendi ng node so that is |ower than the first bendi ng node drive

frequency 4srequj r t hat e mass and Stiffness
A Ea—) h vﬁ] w = angular velocity




of the bal ance bar be rnodified in areas where they have nore significance
in one node than the ether. Changing the mass in areas of |ow vibration
anplitude has little 25 effect. Likew se changing stiffness, k., AN _areas,@af
| ow bendi ng nonent has Tittle effect. Figures 13 and 14 shom/f%Ebﬁﬁa@efi“ﬁ
shapes and bendi ng nonent diagrans of the first and second bendi ng nodes of
bal ance bar 13al. In order to soften (lower) k in the second bendi ng node
wi_ t hout softening k in the first bending nmdﬁ“ﬂ@@bgﬂﬁ9 22 i 10 Decenber
2002 bar 130@ngm§ﬁgE§§Fqﬁn e reduced in those areas”where its bending
moment is near zero In theof PP PheHdidRF mode and high in the second

bendi ng nnde]BDangg lines i and ii of Figures 13 and 14 show these two

| ocations to/be=18K and 36985 L ing the stiffness, k, of balance bar
1301 at |ocations 1306 aﬁ%ﬁggg Hgge?Qttler@F#%@drtmsshe 5 frequency of the
first bending node of Figure 13 since the flow tube is relatively straight
and has a tow bending nonent in these locations in the first bendi ng node.
Thus, lowering the stiffness and |ocationg J18GH &yk;l308 does not effect
the firgt b ggkqﬂggﬁgg (drive) frequency. However, a$ shown an Figure 14,

| ocations 1 ant- 1306 heve a hi gh bendi Ag=rtaberftov are4 he second bendi ng
node. Thus, lowering 10 the stiffness or spring rate of the bal ance bar at
its locations 1306 and 1308 | owers the seéﬁﬁ@D Eﬁﬂmhg node frequency. The
first bending node frequency of bal ance bar 1301 can be raised by
increasing its stiffness in those areas where it has a hi gh bendi ng nonment
inits firstfFbendi an e the second bendi ng node has a bendi ng
nonent near Fi zé'r'@?l'?ﬁ ii19 Wﬁii gure 14 shows this location to be 1307.
An inspection of Figures 13 and 14 indicates that at |ocation 1307, .

bal ance bar 1301 has a high bending nonent in its first bendi ng node of
Figure 13 a a |l ow bending nonent in its second bendi ng node of Figure 14.
Thus, a baLgﬁbg.par &hai has _an increased stiffness in area t 307 will have
a higher dri e“ﬁréﬁ% nés ﬁhibé)leaving t he second bendi ng node frequency 20
of Figure 14 unaffected. To further |ower the second bendi ng node frequency
with respect to the first bendi ng node frequency, the mass of bal ance bar
1301 can be increased in-.those areas that have hi-gh anplitude in the setond
bendig nogg:. and | ow anplitude in this first bending node. This is

| ocations I and ii on Figures 13-17. Al so, decreasing the 25 mass at the
lire iii portion of balance bar 130i on Figures 7 3-17 raises the drive
frequency without enpacting the second bendi ng node frequency. Since, as
can be seegypq;Ej yres i3 and 14, the vibtation anplitude-for the first
bendi ng nodé" i'sThi'gh at |ocation 1307 whipi'HéS§iflematdten anplitude for the
second bending node is |ow, as shown on Figure 14. Thus, renoving sone of
the mass from |l ocation 1307 of the 30 bal ance bar raises the drive
frequency but does not affect the second bendi ng node frequency. Figure 15
show an enfjodi nen® of this design. bal ance bar 1503 stiffness is reduced by
renmovi ng WELGEPaLAerHT ortions 1508 and 1509 on either side of its center
.. 23 Jﬁygkcéﬁber'&o region el ement 1506. This raises the drive ;
frequency only slightly while it |lowers the second bendi ng frequency
considerably.. Mass 154 and 15G5 is al so added to the bal ance bar 1503

out si de taefreduced stiffness region 1508 and 1509, This |lowers the

second be §riotsderae fadsienibyrnt aloniyens leMagsofitsbe f the central
portion @ouagﬁo@ﬁmgQ§t®§ggﬁ§q_bar é503 Pgaving aggg¥§g§ééggéﬁﬂ@ﬂ?%ﬂ@@eshOMB
the resulting drivé fode Shape affIENgmassifov petasistthe seesaitHrbiighout he
Corﬂélisﬂ§é@@h§~bending node shape for the flowreter of Figure 15. Figure
18 shows anoth%iggbgdineng of the invention using bellows 1808 and 1809 to
reduce the bal ante“paP Vst ffaightdloviube@@babiatiefiecab phiguns {8, J se%l ar to
10 that ahdBoguies thd idGAathibn i il Ll Nas, acenter el e
conparabl.e tao_el ement 1506 on |ng@ 1501ad ?gufr_f@Mf&berﬁﬂﬁ)dbmfﬁétefd%g her
has a redU&d ieibs fastezrtaymodenaabk orndhtel LRk, 4792, on, Figure 157 ft
al so haqﬂ§@9%¢fﬁgg§q®_1584.a?gb1505 conparable to YHECREete s avite
Figure 15. Fl exible bEEOW: fSodhantesuyeonasseuner hhﬁges*ﬁ&%%ﬁger
St i nesﬁSMewaaeabk@sh@nquﬁﬁ§8%§w%§ﬂ$;%ﬁﬂq Q€ on, 15 Figure 1 I heR8
charact gjstics of the ernbodiment of | gur'e 1 B'2ESRogvisainbis itseight

85 counterclockwise. The rotations decrease as the tube's center is

e

14



drive frequency and | ower the frequency of the second bending node in the

sanme manner as is the case for the enbodi nent of Figure 15. These design

features described for Figures 15-18 can at best bring the secgg@ be dig 5
node frequency of bal ance bar 1503 down to the first 'bending Ecefrg)ef g%
20 frequency. This can be illustrated by assum ng that the central section
of the bal arapprbachsth03THRS cAETEESs MM g ar Lif s..areas_ of th
bal ance bar av.g no stiffness. In this nost eegg%rjgﬁngrez sté%ﬂgﬁé’sceﬁﬁ?%lwac'ﬁ

section of (HRIBEIUhGE barclsafebes cmretfiaw tnbgl 8e0eds 'aﬂ%ialg%g%gnf{xgg@@{ hiésro

503 behaves 44 i y t.cantilev beans .15i 1 (F ‘ T

first bendi rﬁ’lg',éd?%:r%ﬁ\%t %‘g%gﬁgﬁecﬁﬁ&fr?goﬁh? ﬁ%e‘oﬁi?gaf%e 135N Z@rasde tdire ctions

Cori ol i s- secandshendaige3TpgeasapR 0aketdiidee ok G L here is.no. . .

difference in the pal ance bar shapeéJ bet ween fﬁée&gj;rf\svékrrgggoaﬁﬁ Jéteoli@griolis

bendi ngonodePTER EEPINITNRALI01ZAT Abthérdants mbate uste the gutaticiDor e bweybaianses

bar beam en?§rolaﬁ]t€rln%reﬁteirn phase and in the second bendi ng node of Figure 21
“of pha

they are ou Sé Wth each other. Since the bar ends are not

connect ed, - t hei r Apbiage nigbatdiipseht® bithBe3Q/i53%H 0L Be sARKEsno difference
to their resonant frel ueﬁci_es. Thus the sgglcl)Lﬁ%?{Eg(r)\%i%ﬁ‘gS?gu?efs%@“ﬁ%aﬁsé?dnbhde
of Figure 2PHHG ybe foguiecRii thebvibratirg tube 3B dbee ot raoﬂ@'ﬂsaéS%tmmﬂ?sJ\gf
Fi gure 20. ) r..2002 The, final design feature needed to | ower
t he second %Jéﬁé?pn%%n%@&%%gqﬂﬁﬁg ”brélﬁéﬁv? Y‘%éat@ﬂ@ SqticayiseAtSEl thy rbtatackiayed
by al t i ngearbensipthienQosslisk fores orofhet bt that it has |ess
stiffness in the second ben.di_ng? m)dee ?ﬁgﬁﬁl%ﬁ?ﬁ%@% rzs%?o'bZﬁm ﬁ“gs [ i:?et.hafﬁfée
essence of MASHILGEsPe Barialie Torces heft Fighes b?awameinb@bidélyfwﬂﬁt%§&ﬁ{rﬁrﬂﬁéy

stiff (exc ; b c stiffness,.zones 1508 and 1509 o I gure
22) so thaﬁ%@?%%@%@%lée%??ﬁ%?%% ?’ﬁ%ﬁ’%{b&%érfhig@qh ZEhe ameplitste fAmess
~ of bal ance nbaim@B0R|digrasheRWrEsn Bidurat | ' IAration applitud

rati o bet gn ba@g%ce lglar 1503 and ¥l ow ;Z%E%@ffg%gsf#ﬂﬁg C%tgpg%% ?”IfrE?Wde v_

Cstiff in e Syiubarrachesdismmaximnevibratiomampliiung dritezeb Lerdiy f1 the

“springsfr o 2 [ a ating the spring in brace bar
1502 90 thgf??hﬁigﬁé?%ﬂﬂ’?@%%j e o P8P aR e bR ot atbirnigen elhadaniols
| ocati on chince hetheflow tbsi igrthei ané aaf fhectreiern Vs | réte of
t he -bal anc arﬁg[ -y Figure §2 fl ow tube 156jeQL$encj&1ﬁgFg{1r§@ gérgqsleg‘ééqﬁoarﬁgwe '
~ equal driVé*Tede' R 69%&5%6”3 RyIeeP e drippymogersbrations radiersgre bal ance bar
. drive made vi brabwabdBoo ' j ' i ith.a.near zero flow
tube vibration amli tudeo.D ?ﬁmﬁo’tﬁ“?ﬁgﬁ?eeg%’@%@% Hffi'@&s fYSe ASERAWRMAry -

node pl and i@9E15hetheselid liravshawe tbl&@baaed(gbaitb,nena@géraléifﬁhesth%itgﬁﬁgn

nods an 'S~ a4 ZEr, iration_plane and vibrates with neither
flow éf:&ubeerﬁ%r&h?qua}%ngor@g?. ?‘ifﬁgn‘*gﬁ& é@?e PREHFSe dMvRIdefuralughi Beat i on
anpl i t udes)isgacarmnemtn yhardde ploaae T22Hzdre d ' Ly, hal f way 20
. between flow tuba 150%1 and bal ance bar 158?!%@?%%%‘9}’%%? %&?Sl 1
" has a rmuct T8YET “OrBrAthBHoRASI9 isaiaceamentdnithe gisivermosy. avctst fhet HObAly

., StationaryolRda thd k1R i .S, | ocated very near flow’tube

" 1801. As far as thg&mﬁﬁ%&%&?f‘?ﬁ?agé‘&géﬁm%rd@szceéﬁ@gh%@?t%‘géﬁfﬁér'i’adyaq*mde
pl ane 2200f Hhr kber hEheshape aftfeigli S eintitar 15503 s%@rohagoérﬁﬂhggﬂaddé %@a@%

ar 15 of’

bracezbar he .shorter .effective, 25 spring of bal ance

Fi gu?g 22'“%’?"%8%’ ’itél;ggs@?t&%?m%'g?@ﬁ‘i J(/?ee %’?F‘F?M%ﬁéﬁc@rﬁ@be@ﬁggmma@‘ané ve
spring of fibaltetneis math AP of 2HiHaUrs {1t 0hi oD Lhe; spripg. function
of bal anceﬁ%ar 1iE‘OB res?@i Bg_laln br aﬁqe,@%nacry\g f@dg?%ae ?%BH&'%’P%RF?@H&? Bdf ance
bar anpl i FRRIEICRE 162 Ge8ay o8 Tharfirat kansting moated. Strideftee flefiftepkiiyiee Ralaptsy bar

spring regj 38 5 & litude 19. .Thus designing the neter so

that it ha’gegrlﬁqr%%ér'%%élégg@d\{)'é? gb%ff'ﬁ%e”%ap ERPTETIUERAURAEY othimCotielis i r st

bendi ng (aRused)dshardesttonari ﬁigumrmar@meo@bﬁolssef@mdobﬁ@@w@cfgwﬁn@msg%s It in
nant frequency t'Heh t he

the Loriaolls- ond bendi de having a | ower res

firs benécﬁcz’g&&(?%r %%‘)’?%dg@o %r%‘of%a%‘%tﬂ”% ek seeo Figsre 5 40t Dessabesro2002
The vi br afismacaipht Mg sgRtA @i didehey: é i.s ,determ ned by the nass
and sti ffnei)s. of the t\/\%a\?fr‘b?gt?‘r}tggn\ég g W?FP%W\Q B%Oq%ogﬂéfyﬁﬁabﬁp‘é{nce
bar 1503 SHAPETEQEES Lreseilis indwrpevioraion ahdidure)s BHShef oK WyRagLGal | Y

bal anced gid guret 1) 14 hen, o, Figure 6. Both vibrations occur at the first bending moda

-
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the followng relationship is true: 5 Kr _ Kbb !'fir ~~bb Al so, the | aw of
conservation of nomentum holds: 10 M vi -Mb vbb It can be shown from
these two laws that the vibration anplitude ratio is the inver§§)15 gfu%das
mass ratio and also that the mass ratio and stiffness ratio 95EMEef rat:
_Ar _ebb Kbb ' Abb M ~ Kr . . . 20 Therefore, for balance bar 1503 to
have a |lower vibration anplitude than flow tube 1501 ) the bal ance bar
needs to hav8% HEGHERCYres thaglass bhifessit A Ref | C Lfgvbe,-' _The drive
frequency i sceﬁb,%:eQB@%gve,.t t}e Cori ofi s second bending o i F‘eh{u&ﬁé@es.n%be
fol | owi ng manner. Hitisk ROFM&RHMaximlenr(avlio linas)t desdrk r\@{enbtﬁ%dl@gq 25 ..
mode bet weenmtteve bua@relé%;&%qngﬁlaa%e@bar 203 i s made high. Thi 8§ 1¥'%0%e
by maki ng bal ance bar 1503 and its & KE 3 1ihﬁ&;@fgﬂharlﬂ3§&éérﬁeﬂcﬁ&%rrﬁgs
to flow tub&eBpnenthe firsdentigmbtais dieaatab) 9RALYNode &' ane 2201 in
brace bay 1%0i§(53]§% CEcglhoo e t’g. bal ance bar 1503. This Pk aEnt %f‘é‘rdihﬁgs)r.a’{iguwf
bal ance “bar 1 é S8 iGHR 4 rid drat ihieghesants tHeesGos bf)lzriesﬂaﬁ?@ggd- bendi nag
mode, howev@orictibiecaeplibidd E@ﬁéeornieﬁ arteVeh.sed, 30 The flow tube Coid &i
defl ection 3& hl%‘i%tt_ude i sla 'ow betate8er &t Hote HW P @1 BD O @no sate siA=50 S t
frequency b 0&r ieodiad thiatiees ofRyet; r..anpl ktude in the second
bendi ng nodg,J %ﬂ}'%gc because it i s@eer?ﬁ%%giftgg sﬁ%‘h@”%@ﬂﬂ%sﬁ dpdfelcéions on
of flow tubé 1501" '@F”ﬁéa}phm%?-sé&@hda@eadpitagqgm@eFr,@‘srgr);a% fpr ﬁqluepcg.
The flow t utietifieh anee @8 ate *18,:9&‘ enper ﬁoogh bgr‘ vi brati on anpi relge 14Ees
in the Coriolis second bendl ng nodé-I$*IRULT 67 ert@rrafSiohttube B8obhEaches it

st ati offiry RB¥BIYM dheiheramopwh alseo iy yhe: 1501, . This nmakes the
bal ance barflowfdg}__gzs relatively | on% ang“@kﬁgb‘ggﬁgﬁge&gﬂs '¥peithe velatity bbthe n
the Coriolis second B&hdi Ff modare The sppdger Cotitis $@:@@§dar9f?9'§4?gpﬂggje. .
frequency. d&HectiorCor iTpbks tﬁgcgﬁﬁsgggg:@g. mode with the | ow anpli nofisio
is shown in Figure 24 Because the Vi 18R BSpPPERIdehavat iio Figufy gh viap,-e%he
dri ve nodeS@HaCidally oin amplhedecamti #ig @risgcmé}épd'?ggﬂ&ode t he bal ance bar
springs (m@hg@oiagg)i, %gjsnf. bégce par 1502) are strffer 19 'BRE 09 ve vibraded han
in the Coriolis second béA ﬁ@d’ﬁﬁd@Pd¢m9§W@ﬁabﬂset$lakhﬁu@%ﬂﬂ/ewkggiggge
rv > In

.to acl®al | geftestiendy teed i n - first.'10 bendi ng €
- y ke ‘Ofy‘qé %g mﬁﬁ%“érﬁ%b&é‘%? displackeapt esewh on

sumary, tf_her% age four design feature
i nvention.' '#YP8t° 2PAS & reatly s aghelmb d foeclbaty, iﬁ%’sai@u{@duced on both
si des of iléss %ﬁttﬁélarﬁgﬂﬂu‘&@ d’lltﬁgaf. Trg?s | overs the bal ance part Raibhmuch
bendi ng resonant frequency. e GH@QdVOéP@ffréf@mtub@Qﬂ(ﬁMal@Q%%ir&h
are flexi @Ieéd@@dﬂbdedsairlvewaphgr}gsé,@é,ﬁ.fréb‘% Bgﬁggaﬁg t he mass of bal ance
bar 1503 | C{g%egu@cgd g.n its central region SBEY 5h ?H@Wé%%éndrﬁfn@dﬁo&i@éhy
outsi de of the reducdBUSt g fsi9lis sigi ymatinse s mh kb8P.-thd R §r=ga%',§es tHe
dri vaOf r eqxaggeyatad] | owers the bal ance bar second bendi ng ?mde egcfﬁé ty.
Third, bal anceTPt_?ar 1503 is made stiff in its beamelenments 1511 so that
much of the sptihghesetdrdayassatiateg VBT metaH=2 fIBRGH 5ok 0 4hr ace bar 1502.
Thi s Causgshigu{:@@o%@p%ﬁ Q?.r Z%ri ng stiffness to DeCSMENECRIRRS BrsWF t he
vi bration anpiitude rati BV & ndingdrivelmodeendtis CoeolRAd ABE G PES the
Fourth, tfie tdteat ilveFigaes 5ap¢ant hd EFE&%@& Héhtf\I/qW .Fube 1501 ang %a‘lg{ance bar
1503 i s %\gﬁaéehat Lhe vibration anplTtude ratio (fPowImDatases fmp) i s
hi gher i 7 1he drFOEPHGER [sfheslocity sensoesLi of s isesaRth AgRd|na. mode.  Thi s
al | &as tlmetmalv@nggetpgé “féeﬁﬂgga %ﬁg]di ng .node to have a resonan "”f%’ﬁ“?%tiﬁency
slightly, less than the fifst be %@gr(t(frei”\%f a%dé.oullwtwayagmtcbﬁvg}gg@,ssary
to enpl off 8N E!ss¥be Raisiehattiegiy eahssesr tan &fihesh %Q% @GQSJ tivity '
enhancenBpisLhisa, Cg){gi lis f[ﬁgv,vrret er enbodyi ng Rz E) ESBhEersi Sht iTore | t
is only g_e;}essary 0 ﬁﬁweé Uﬁ;WO@Prttqiv@é@tﬁeamiamg@tﬁ§éy@;59 ec%a ance
bar 1503c¢iseieoanhene ity igrese fr o e bel oy the drive 1T . 30
The precedi ng-descri bed em?&ﬁiﬁ%@%‘%e{’ ﬁ%ﬁ%@éﬁf%w Meve the formof a
single strai g‘rﬁe’P{?ose?”wrt\/ﬁﬂaolpmmlweelshbahgiﬁrfaﬁfré?;@ren@géidl‘? jhe flow tube. This
has3eershdere &nMHe ]ngarfcjﬁafpi tygﬁf the jnventjve concept &I KYINSTRBERI es
and desis%n features o e FhvdAE YRTI9NN hosgs A reydatiley ddortitd MIhBeir
strai ght"'eRsa rtheolfteagidneympeer. ™ frsfb@hding mode wil hereafter be raferred

to as that shown in Figure 3. Tha sacond bending mode wili

be of the shaps
oe ) | 2 iape shown
in Figure 5. A useful rulz s that the mods numbe

ris equal to the number of nodes

-
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10 Decenber 2002 concentric bal ance bar (Figure 25) as well as to single
curved tube floweters (Figure 26) with concentric bal ance bars. The
preferred enbodi nent is the single straight tube with concent I‘ll g)balg

bar of Figure 25. Figure 25 and Figure 26, for clarity, have th

bar front half removed so that the flow tube can be seen. Figure 25 5 is

t he sinpl est t o had i ncing b nce
bar 2503 chgg%eiﬁﬁst’sﬁgg}r%gﬁl vity to t deesp%?tnht% > ﬂ‘%}sé g@@%’?%ﬁ:@%‘a&?t
rival curvecerldﬁoaaﬁfd:mtl‘cﬂ ca'itfer)ommtkmsi bem@nmlmmmfnoﬁbg%té 25 is

simlar to that ures 22-24 3})5 tha% t he bal ance bar 2503 is
concentric with ERIEndSIRe'S ”f’@@) 'O“/B'éﬁtéﬁeéh%ﬁﬁ'czsagaloﬂﬁysvibrates

connect ed aﬁn'tﬁ@‘z%‘?%%n@%¢ﬁ1%@% %ﬁc@%ﬁy@sﬁdﬁ@é’& l@cf' J‘rd %gg-, g% tibas

portion of the balance bar 2503 1s I'ig
2508 and 25@garces showsdaicety/stidd Gesislis Balvanazer bal h2% @'ﬂé@« z@@@ e@@ldsﬁld a
4 a

mass el emen%s 25% &2505 corresponding to el enents 150
Fi gures 22- D&I2ng%Rer Rl crngclahiy ﬁ%ﬁﬁcﬁ%ﬁ%Qﬂ‘d@Jgéutrléezﬁdpefbralasceher602

second bendt o, s Bfs | ower
Than the fi1eE SaNaI G Hadeotaei Ve Tan oo LAR preierbet i datey 8155
advant ages 2erméxspyao@@$mtlme$13t)ennuh@f:sﬂn@ddn‘@r’(ﬁrmé) ogien @it %%*%Inl V@UNS

which is sinilar in nost respects to that of Figure

26 di |

20 oot TR e B et Aran bAl8N et RO GRE PN F G oRdinThs Cabbrhieas Loy
2603 h t

ot ond Danetoal gl R BARcA: A1 fid MG BN CRT HENVER oD Bt ne

transition bendingdédtivelainotie, a hori zontal at areas 2617 and 261B. The center
portion 2606 of brace_har 2a03 has a | ow mass area 2607 conprising a void

and el ongated el @FEAt 4 1960 IagHIN WRCKSingitie: Vibraaiona! velsaities ganeraied g

t El
Qo oi ement o 3354 andoEE ap SRR ERI RIS HRE? s ebbS<BRT It GHE Bame
manner as ddetasponss oiﬂﬁmﬂawdt.EEGSthaTlgHTe/eMQdemrtSBfls RAur f0P2ehih hdh
F | ect | t 2420 | d | th
2433 16 o VEF DGR ErcB oo APBE RS A P BE e HRgR deer 1 3 enrine Fothe
flow tube %&%11@deh@I\ﬁ@@ﬁoharve?i@étwmh@fbamé%aw t‘;sfi‘x\?/flféb {gﬂ‘-,gsg frofh axis

resonant drive 30 frequency. Wth material flowint ube,
Coriolis fdl2siRcaine EﬁléﬂFé@aﬂﬁ nateffectad bsutt@ gepedatedd@ariolis éorl:ei bn trentloiv

t t
Rnown 1 nastoe-FRBYRUHST EERESEH (1t id SnBhd HartERR o) 57 doB s Stidedand
r i ght sensbty,Si, gﬁalesxerceqmsweatuhuaglot»mbscamdoda@ncéezjdrﬁz@xddn% iR Es. a@&‘tb?%?"er

ég Decenber .2002 g;?at hs 2421 and 2422 to nmeter electronics 24
pr oce AE 2HNG5 91RO EERIERGRAY BrAomRIRAGYeqter ’gﬁiﬁ@ﬁ%ﬁ @d)pnmqms of the

i nformati OﬂO\F&QLEé‘a&'d}QaIEQcé ber.f e tg%nﬁéﬂ ﬁ“ase &rzf@ nlgg{]se'nssg?%' ed

to path 2424 and may include materia sity | ‘oW
Fi gure 25, isdeFgéramihg @h@°@@ng{ﬁrfosnhandaeazgne sTé‘raasr@rdquR)remqfhaéomm {&@ed t he

1 ow ube PRI A BHb V84T RER st it GRR FeCedlin et P ngneemipae Simoi

enbodi menttubk hetirse 26 is simlarly associated with an el ectronics el enent
(not %‘IOV\A’I) congarabl e to neter electronics 2420. The enbodi nent of Figure
26 siRlarly ha$"g PPPEimMent &f thefrresaMdByYSIgionaad shomnghtFiswasonrardéald

not 10 sh t t.ub

D ans tr At AU SR e e A R LM MRl BB Ry Pee

| ef t magneterding sootatdzievire duarerys olh SLC¢rwls isbowey cargciidnes o Mbé@@ﬁet M
associ at ed \Mth drive r fight-hand magnet

h . d
associ at e ' Fﬁt@%ﬁ%?ngﬁ(e?ﬁhgsgﬁg%y?ﬁﬁ)pt Eg"@ebé‘ﬁ CoR i ey ef Qf@C" P@’&Spﬁ is
to be expreridos. UNHEES904dS Bathat el ab AEshd ﬂb(r%%h?rﬁ‘lté SedXb btn?dfﬁ rhbgbted

to the description of the preferred enbodi nent but enconpasses 0

nodi BCcat iiDPSCRAAICAIA @ dhpoReriois Misfictiinn eouypiticand! dpivrfube cf0 it Bad ithueriti ve
concept. 2nortional to the material flow rate. The vibraticn amplitude of balance bar 602 in
its second bsrolnc moce cn Figura 7 is also a function of the separation batwesn the

first bending mode (crive) frequency and the balance bar second tending mode
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*10 Decenber 2002 CLAIMS: 1. A nmethod of operating a Corioiis flowreter

having a flow tube (2501) and a bal ance bar (2503) oriented substantially
parallel to said flow tube and further having brace bar neans (@502}!}& 05002
coupling said bal ance bar to said flow tube: said method conprilsPe§MPRE
steps of: 5 flowing material through said flow tube; vibrating said flow
t ube and -bal ance bar out of phase with respect to each other in a drive
node havi ng aredonamt fFSRABHRNCY RS tiall ual to the resonant frequency
of said materjal filled flgwy.{ﬁ%ﬁe)éstaeﬁg”es%c&%gg?%&%@ Bace fragueh o NEEIEIL S, .
Coriolis def IR&S #nihg frss aedcing bmeds givE) pBLtabe, haying 10 said mater a%’
flow, said p%rrﬁﬁﬁa:e g%ingjl IS djqf | ect1ons bei'ng har aff &7 o ¥l B¢ thegimasiocnt!
deflection as welt as NOGESTHAAZAG h%sﬁiéﬁﬂdebﬁridimgnﬁw.apﬁ,«?rrggaﬁﬂ in tha
sai d met hod ﬁmdehéronimshpgigs;,hggp’e;ssétgrgﬁ of;, in%uci_ ng Corioli g q{K&"P IS Sshown
deflectisns in said balance bar &t S4rQ %4Hs¥ i3ioneégmpiicyda nf ﬂ%@é’l?ﬁgetba
sai d CorYol i & Re$3c0adi hemding mede dvif @ 106 thS P KNIl 3 tike deflectichs
having the s eﬂ"ﬁ@_ﬁr of Qodes as said periodic C%‘f GENSt getrsebending;msegé d
Coriotis |ike deflectiGnéndéts belaaee baro&aﬁa:édmd%eﬂﬁiﬁ/gﬂ%%irg” of said
bal ance bar ﬁwk@gzs@gge§,gpgpgs il erggency sufficiently close to°tfd FeRHMHCY
of said 20 perjodic Coriolis defl ?ibeY%e?’bth%&fﬁéagedmlgenaﬂgl(UH g6 ot sai
Coriolis IiI@‘é’do‘éﬁlsé@@ri!d)hsndﬁngs&id@rbé‘dzr‘?é?ﬁ?re%%'Cytsﬂig riolis rike y
defl ections Q&é@h tggl ancg, bar having an arer| d e%@'&%?@ma’ﬁhapﬂib@m
magni t ude of ‘perr odi &orRldicrton Eﬁ%@@fdheﬁdrbbli\;irbg;%rﬁwof b9 tuth%éwith
materi &0 f| oanzésdemgﬁgimgiowpeg§%g M of .said flour tube Q%nFﬁ SRet Aso
sai d vel oci{ of . sai d bal ance bar, % Fedimpalanembas60sis atﬁa&ﬁp‘gﬁ%ﬂg}, ng
sai d vel oci f{e Hlioshetvaaroha aiiee arshueay 48 @5l to-gf (sai d bal ance bar’” and
deriving i rﬁrggmtc'k%q é%izgg regarding said flow ﬁa ﬂgt%‘?r?ddﬂgifﬁodesmmmwO :
to said generatio StNE RAENSE haglis 1.0, 30he CQoidle cestss 2662 +na he, met hod of
claimi V\Ih@&m@ﬁm' '@\A&&@@Zglfo frslﬁl)u,?ig H,% aid Ccrjoli S |1 ke de |Q%tbiame bar
i ncl udes the sl ap,of |nducing sai | & fiodes valin af itbaswoalé ferities on
resonant. freg& 99F%’§§ graater sizard 14 i VRe fOUIeNE Y, T thod of claim1
wher eilf saige ' [ i i oli i %O'? % Pmai Uk
. Cﬁé"a‘é@s%g{ MH’%%E%J said Coriolis like defle ek uRysalsbe
step af' inducing sai'd indd rﬂﬁaéh%f%’loa&flffaﬁ'@tmwra@@c;@s@%e;[eggggncy
greater th8ReshigUral? shews tRaWRBE Yhe fiy f} gﬁi@od of claim1 wherei A
step of i ngH@i”m% %i d. Coriolis Iike Jef 7 &6t s P ARIPLMRY clase, Steyibedtiona)
i nducing sai @ i §aeedf PaleReahasinits mnh&dnm@mbéé%@ﬂ@ehﬁqgg@%ei}]c%
subst ant | abbiolsualcddadaiiadeie,  Lequengy. b The method Of 3 1satian the
wher ei n said sé,ep of i nduci ng-vibf 2PFER- ﬁSé‘BFwwt&mcbaéd,(tﬁég?éfened
i ncl udes (${BP¥BISNGP! bR pesmtinhigy & anieesnd A SALINE AL n3aLd,peri od
20 in which the second bendi ) meter under conditions
Nng mode resonant frequency is slightly lower than the firs
bending mode (drive) S an the first

frequency. Under such conditions the fre
greater than one. For another embodiment, the ratio bet
may be slightly less than one. Atthattime, the Coriolis flo

25 OI I.O- y | | I ’.

quency ratiois slightly
ween the two frequancies

wmeter is operated so that

The phase of the balance bar second bending mode vibrati

| n ' ten with respect to
the phase of the Coriolis deflection of the flow tube depends con the relationship of it

. i atl nip of its
secend bending mods resonant frequency to the first bending mods ( ;

as shownin Figure 10. Rememberthatitis not
30 bending in the balance bar, but rat

drive) frequency
the drive mode that excites t-
her the Ceriolis de

g sscond

flection of the flow i
| € llow tube whic
Occurs at the drive frequency. If the balanca bar seco h

: nd bending mo R
frequency is higher than the g mode resonant

hen e & flrstbending mode (drive) frequency (ratio less than 1 0)
n the balance bar second mode vibrates in phass with tha flow tube Corial .
-~ I ) a2 lo ]S
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~Coriolis deflections fromsaid flow tube through said brace bar to said
bal ance bar to induce said Coriolis |like deflections in said bal ance bar.

6. The nethod of claimi wherein said steps of vibrating said ltbabacncg) rbzdo
(2503) includes the steps of: flexing ends of said flow tube i1 PTESRORSE Fo
said periodic Coriolis deflections to flex a first end of a brace bar neans

2502) ; oo £ | £rd [ b [ , tC i d
Hoxing of oot o SoRn SRt 4 bR R B e el Pas Btioans s heben o

bal ance bathe drive fEueemey hestiohretiar than W® ehen 380 8LER: ol Dduel | d
Coriolis like deflecti ongui n said vibr at;d,rr::? bal ance bar ?2250%() T nclonug’qss@% he

e
steps of : YIREHES RY! ShFiROMIBINE flohiebadidrsdsivietion asastbvrabarrigutear,
(2503) at a sec end avi a,resonant frequency substantially

?MHQBQ$F%UenC 5@5888%88%&%@35 Wt@glpgﬁéé Higrthadlow tube

equal to said drive

mecharg cal Ceripls daftyctioy dsrdWEie Bahe ntinedlzngl ddikst 1881 eRSli, W% P o3 8l
bal ance bar at a second ,ben_di% _node res"onar?tn frégﬁelggy\} g@‘%gs{ézslgg%ﬁ%%hbar
at an anpl'AgdoRgrdebemidpeint whieyhdmadnehand aaplof rigihe veBtity séAs HESBISH

2002 of i i Q] | >t f id fl t,ub t i d i odi
Cor ol 1 s QEFF O B s leilinay e SenSulRnt R B bR Sesai i onGar Eeis phass

| Si ngetiheestyptins ZbrARHbEL i . V8 25 Y i d ha
bar (203) from o d bal anet bar torser 4 bracs far renatoth3s LorSher a

second beh@Wigetatde Fras6maATe. fthequbrdipnofmpliids efl theckalhate K2 EDhesssihdod
t he resonant frequency

of cliai m L _f e LS| he step of lowerin

o By behGbus IR hElsfe VBRartl R afur b A 1) Rk peigSteneTaasen B
spring of desigrirtgt sothest herescHR ' ' I8 fr bt comrsi
TR e o o B R 15 1t e iRty PR RS
bal ance bﬁ?a('@@éfé’?crg?s? Heflpwangter sensdivitit | east one. flexible portion of

sai d bal ance b t j e~DL oV Si f increased nass (2504) on at

| east one ot he?ﬁ%o\’r%'%?%mnﬁggygsngiqall %a?gﬁ@}e/s @%\&G)&iﬁr_ }‘%%'89 ﬁ%’@”ﬁ? éﬁreﬁﬁ??om

fur<her cbepdingimgds esqsieapy sfigimhowedingedirebendidgthbdeNdale) ﬁ@%}ed%}gjtsh g
| 0

portﬁ)n of  sai d Eal ance 3%& 12. The nmethod of claim1l wherei'n s

compt? sesSHAET 1 EBWE towdPE RgaXiRe 02siRERents diRiearlyvaleciyatanpndeneds a

vi brat i onge@br. SFngd va | L Si i bl ortjons_(2508,
2500y of e bal anee bar 12t TBeRe ot o ee AR ShmAceR el f SBrcta: ahe

bal ance bealanee Ban ilecityi waoterds 1168e The3lowTteemelduly \alctsr g 104 afher 4 H6kn

Fube. (25012 Foaha ER B Ba Uhoc Bark Basy [4resiadobi 466 DRFS (ZDHE Phase The
O o IS et o o e LR BB SRR AR o
sectdons 1§ JBBYECIOESYN Grhasgianhampitsishaf batanceobar vettag 1203 bhbiticseaibon.
32 vector 1104. Vector 1105 represents the net output signal of the velocity sensor SR,
and it has a phase difference &, with respect to the x axis. Since the net rhase of
sensor SR is greater than the phase of the flow tube, this geometry is seen to have
a greater sensitivity than the prior art meters of Figure 6 whose vector diagram is
25 shown in Figure 1,

Figura 8 shows an embodiment where the balance bar second bending mode
frequency is slightly above the first bending mode drive frequancy. Flowtube 601 and
balance bar 602 are driven out of phase with each other in the first bending mods,
resulting in them being in phase in the Coriclis-szcond bending mods, This causes

30 the two parts of each velocity sensor, (the magnst and coil), to cancel each other in
phase. In Figure 8 the ccmponent of the right velocity sensor SR on tha flow tube has
already crossed zaro (Iading phase) while the compenant of SR ¢n the balance bar

has nctystcrossed zero (lagging phase). Whan thess two velocity vectors are added,
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10 Decenber 2002 15. The nethod of claim1 wherein said Coriolis |ike
defl ections of said bal ance bar are cut of phase with the periodic Coriolis
defl ections of said flow tube. 16. The nethod of claim1l V\heref(ingct%%efjﬁé
node conprises a first bending node and wherein said induced vibrations o
sai d bal ance bar ccnprise 1h2 second bendi ng node of said bal ance bar. 17.
The net hod of gbai m 16 further conprising the step of |owering the resonant
f.requency of @ W%%@ﬁ&&)é&fwmgomggo@fgba'qhgrptgglsgq&; bar by the provision
of a center pgyd;i ema(%;g%} Ejf sai d bal ance bal and &q P ®ngde tance! each
(2508, 2509) an each 51 de" 8 &S CE it 82ngeoQLi. oThefesaid ab%Ic% ce ba}[q)
t oget her wi t fetdigvitpr ovi sion of 5 increased nmass on each side 6753 W BRtEsr
portion. 18. The method of claim 16 further including the said step of
| owering said resogdie 12rikpiranesy tf veaiof a58GRR P%ngilnﬁ mde of said
bal ance gar g%@g.@dmla?é the . provision of flexi bl & 2ot El'BR Par TeuBg iB5s 6N
sai d bal ance bar at SééﬁqUc?ﬁ’Qyéf'gfhtillghb@wmierfgsnmﬁgﬁ,foqs_a&& bal ance bar
and increasefdlaw?%é@ﬁ@éozt?o?g@ ik %%cati ons 5 of high vibrafior#ency. The
anplitude in said second bendi nge Noue °01 80T PREEMAMETE tidw ¢l isd RckisWheL Bl e
sai d Cori of *s2¥'f k&0gebyeldei englei pdyced THa sai; inPednce Bar are 19 phase
with the pe&b,ﬂﬁbﬁeﬁo({r{)w i s deflections of sal 6% Y ubel3 2. tha Qi £dnsr
fl oweter havihg a f E‘t%én%%én)smmdheoommqhxerm%%er&}al flow a
bal ance barx ¢2503)horhgRi §d sgbﬁ%@%i@l Ly_parallel to sal DA B amE a
brace far (2502 means - f or “tBUpl 1 nGT LRI AU’ {ieetubgrvactnrstd o édo%!éh%?b r
sai d i ol "?IWéﬁé’ﬁcfmm’.’l@érammbﬁéélgiorﬁn‘?%k‘éﬁ' (D) for vibrating
said flow tdéh%eas%ii_nb?-l %,@ bar ?ut of Bhase Wt reé%g@bspbtml&)(bh@r At a
drive node having a' regrg ﬁ@ﬁe%lﬁ@@@ﬁﬂ @$I%ntnqimaheh@gtahﬁe[ﬁ§@r}}ant frec}F’ency
of said mabetdanse larlneshtibgMdsebe 304 Sai dbal ance bar; char: Uafrata T
that said hod, further incl usg‘gs t?% Q%&Pfgsmw@@r ' ' '
i d e : ST per . : pleasd @as englge
i nduced in'% 8d'0FtPrhét5ﬁdgnﬂIS@Wstxuhp) b frevh gatiRl & r%ter al flow a3 > 10
Decenber ZQQBaﬁﬁéQti\.@eHa‘?Q@é @Ori qu s defl ect ons 58Iy LK 4es ezallyedebys
regi ons of_deflection as wert a¥'hiGsd ihatiindicateditt vas thon, %‘{E@g&g gﬁ_bOZ)-
for iMiuci MeysGanitd dsal ivike WEH@ﬁ@#ﬁ@%ekg@,ﬁﬁhﬂ bal ance bar W f&gton. ”
Coriolis Ié’ﬁog%%ef lecti %ns havi ng sa BF RFicaisddiovasats abut tREFd adi.c
15- Corioli's I"&EEPOHSY Naying thetiatdice tférls%cdﬁéjb%ﬁm@r}fe#iefi ne . an induced
mode of vithe ativefealiega) i Q%L m@g bar hgvi ng a resonant: f1eguekeyly above
sufficientfy clé_%se t(fq sal dJ requ R&/e8FAsai d periodic Coriolis deflections
to increase thel&®eniigutkionfofFHgdrLCoH @ ' eflections in said bal ance
bar; 20 Sﬁ’bau@@j i@'ﬂez vlvi:ke de??%cti ons (};;Cﬁstglbggﬁ)ag]cﬁn% $sPnddendigganode
anpl i tude proporttonal tr&efjﬂ)éeWﬁfradéemdyipaléwﬁi&e@@ﬂi6’%5 forces on said
vi brédf i ngbdleove.t U'btaisl\d':cbﬁifigméz%iﬁ.]e ELAYs feans (SL) SR) {3 ImgeYe IVmpterie
velocity @f said flow tube wt respec{ OFce on flow'tube 801 can be balanced b

the second bending moce response of the balance b - Y

: ar. In conventional single tube

Coriol
oriolis flowmsters, the balance bar dynamically balances the inertial forces th
flow tube in the first bending (drive) mode only. The o

balance i i
baris at a much higher frequency than the Coriolis deformation of the flow

=5 tube (which ocours at the drive frequency). Therefore, the second peng: i
».riot excitedin the balance bar of prior ar single tube Coriolis flowmetars :hg mjde .

inthe Coriolis forces being unbalanced as in Figure 6 ang flowmeter shz;k' e

The shaking amplitude, which is a function of both flow rate ang mou‘n*ir; mijfcur&

can cause a shift in flowmeter sensitivity because of 3 shift in dist aing stitiness,

30 ance between the

u lg Stiff -~ '

not be predictad or Compensated
In the Coriolis flowmstar of the
bending moda of th

not known, the sensitivity shift can

present invention, the balance bar sscond

. . , .
balance baris excited by the Coriolis deflactions of the flowtube

£
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to said velocity of said balance bar; 2S neans (SL, SR) for generating
signals representing said periodic CGeriolis deflections of said flow tube
and said Coriolis |ike deflections of said balance bar; and

for deriving material flow infornmation in response to said ggﬁg?ﬁﬁé@@@mz
said signals. 27. ?he Coriolis flowreter of claim20 wherein said neans (D)
for vibrat iing.saidlphal #1CEa PR cAlUEREng Bheudpetabhey I keodeeanti barding
sai d bal ande bar W th said | nduced node- of vibration havi ng a resonant
frequency heste Mmfrequdndvnthe tivoggaeex yibraig cutied pbase ofiihsedgroainer énddhe

I 20 wh d duc id
Cori ol 15 PGt RIRHGEONGRE Sert Shp HAI5AFARELCISAL 0 PRI LGy ROHEE aPS

br at h ukd
25 The. CoPt BT SRl o Y e (B o Serirati ng

sai d bgl angg bakncadbaes eaitd:i@orsioatdes fdri ke sde¢n@drdrsitg mpd%mtrmp@ml@és bar
wth said induced npde of vibration haV| n n uenc

subst ant i afeYe@giaPl tioe stﬂ"YJ tape v e VE &l@ﬁ’gﬁm% e %gt”ﬁ%(%%ﬂ?re é%roszsiﬁonq'he
Corioiis fbg@@*ﬁéﬁégaféofgﬁéée Oag"qﬁé%6!']103@'f‘é'd@@ﬁsﬂ’{e@loﬁ/%bé"nbérébbé@ il

bal ance ba s 1 ndicative of said periodic Coriolis deflections
from said provideasthearmméldegreaibécymanicgtelandedotaradblipuraigans to said

25, “The Cor i of | MUSIRRBNEETRROLNEN A BRYSBAET &1 S Ssed WELAE Py BEETERBRT ng
sai d gori Oéé)éond'ﬂ‘% g'ng&ééﬂa uér%yfgdr&ebﬁé ﬂfsq@eharngfﬂn@a@wr%%e fierfeyi hd | ow

t ube onse peri dIC lolis deflections to flex a first end
of said brm@q:rbf@vredeufrdbbﬁmmwmlﬁfebmme@atﬁn@fe bgasacmcblwdmmpdefrég@@m\é to

said flexing of said b fijrst end to jnduce sa { S
in said baP@R¥eh %ZFSt %’d’ QdBV?)sfn?q%t Zﬂ gﬁ"@?é%’% B&%ﬁ%w

compri si %% ORER ?9@3[)25% i BEHIbEOBN RN Ribdthensrive Rt bidtamand of
sai d |nduced ration of said balance bar to a val ue approxi mate

t hat of sae;dbddummtf m.uemryu h2g ona!ma jopreslems Thedauttere afd Bplanse barare

wh d

Fogi o of SHGRVGR UF 15/ BT ETTReE (TR s PR ¥ RHfEr PLidbone ana
conpri ses B%I%hé)}r%d&rréq §25@é)nb2§£b&)fr uenay dfﬂh@lfaﬂm@nbm@ rabdé creatgesns
of high bendi ng” nonent of said Coriofis |ike deflections. The Coriolis

f1 ownet er with tiedangity whéneflawing @aé@ﬁla}@eﬁé@l%? mrma%@sssac'faﬁdsw'%mﬂﬁ&
mode and V@E gﬂégl%)gﬂtlﬁﬂﬂécﬂe”q’éwgggg f%%lﬂ%o étQﬁalOf}}i?%\%rQﬂE?ﬁé‘ﬁ%eF@J of the

conpri ses riolis ter of cldim?2
wher ein S%Qaﬁ@ﬂar keeohewssndig fodshésescoopelisge signiigamtlyceitn depdmaltyn

bor 14 SoECEEoRd CHERS 00 st I SEEd TS CHarETe OB ahERF s

I oweri ng (drive and szcond bending) match for only one material density. Forlighter materials,

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

frequency that no anticipated contained fluid density can cause the frequencies to



further conprises flexible portions (2508, 2509) of said bal ance bar at

| ocations on either side of said rigid center portion. 35 10 Decenber
2002 31. The Coriolis flowneter of claim30 further includin O\g?ere;tpn %ﬁbd
means for |lowering further conprises a void (2507) in said cent ecﬁ%’ ¥l on
for raising said drive frequency. 32. The Ccriolis flowreter of claim?29
wherein said fleﬁi QJ e portion conprises bellows (1808, 1309). 33. The
Coriolis flo/er8r &e kasidesin dlamhbﬁrhe(:@ém_@n%iiéggdgggns (2508) 2509) for
reduci ng t he patfiegs k¥E,SPY na. of said bal ance bar to reguela excifertagusalayce
of said induced node 6f vibﬁp {i9JACe®.- sai d bal ance bar. 34. The Coriolis

fl owreter of clai D fup c i.SLng.rneans (2508, 2509) 2504, 2505,
2507) for con nentra??% ttﬁgﬁ’eﬁ‘f%&zé%%‘@% SSFriglen has Ideagt wiReHd aéf‘é%i %ﬁ]
and $ai d bal HIEEONSHP iogttsaisecbmact@n%@-méée B HRY P4l S Llowel ef of © 2
sTStT £

34 whergn o . concentrating conpri el@é’rﬁmﬁsbamﬁ:llh fi
2506) o? sa?gé'gdé’?gﬁd%gw%ﬁagw@m bihe mM?mf&ethé@ﬁ’mer%?%%)tegn each poft'{sc}n
of said bal mcenuarenamgﬁe%%hﬁlcﬁk‘}g@g%wtﬁggfmber' 36. The CorigHegiey of the

fl owreter of .cl ai m20 further co A bepgiog, mesoe;
2507) for n’&u’ﬂgﬁg i ¢ rive?ﬁ@%“%@%%@at

PR ihgeteriadsido netea s + , flow tube an
bar in sai db@ﬁ@ﬁ? har. 37. The Corioli géfhlkgaﬁék‘gﬁg@? IRFiGsh Prvingie séogn@
substantial 'y strai gqu ¥ IvFqyRe!pwsba f!)stmdadmgsmb@bad}weaflré%st rai ght
bal ance bar si{2R@3) th&8sorhiae waald gghg f o~.E~~ ter of claim n(%r‘rf) Yiea
flow tybe (2601 ) . havi n(ﬂ a curved® pdlPPaw ke201§9€ gRaiga Uﬁﬂaﬂﬁc\ﬁh@@bg( %ﬁg?’?s
havi ng CLﬁQF@dﬂé)‘bﬁhﬁdcf@ o@61 1 ). 39. The Coriolis flewmter of claim 20
wherein said indn;g of . vibration conprises the second bendi ng node of
sai d bal ance bar. g”g?"'%goﬁéééh%ﬁmm@zemanmeqmghbpgf QVibgét jm.,1 wherein
\ . o N ) A i u .
the step ofméassiand Ggrlﬁglrét@rhggha t@é{fa defl ections 1n sal didupgare
i ncl udes the step of inducing sal iR ioéf?%onlai”ké'eééﬁn@}cilsi ons to induce said
i nduced node of vifbration having a resonant frequency proximate said drive
frequency, 41. Th thod of claim1 wherein the step of inducing said
Coriolis like deffections in said balance bar includes the step of inducing
Coriolis |likg gef|ections in said balance bar with said Coriolis like
defl ections defi |ag an induced node of vibration of said balance bar
havi ng a resonant equency | ower than the frequency 5 at which'said flow
tube is vibrated; said Coriolis |like deflections being out of phase with
said Coriolis deflections of said flowtube and having an anplitude
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flow-tube withwgtgrial flow -' 42. The Coriolis flowreter of claim 20
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1808 to reduce the balance bar stifiness. The embodiment of Figure 18 is similar to
10 that of Figures 15, 16 and 17 in that it has a center element 1806 comparable to
i element 1506 on Figure 15. The Figure 18 embodiment further has a reduced mass
area 1807 comparable to element 1507 on Figure 15. It also has added masses 1504
and 1505 comparéb!e to the added masses of Figure 15. Flexible bellows 1808 and
1809 on Figure 18 have reduced stifiness comparable to elements 1508 and 1509 0on "
15 Figure 15. These characteristics of the embodiment of Figure 18 serve to raise the
-drive frequency and lower the frequency of the second bending mode in the sam'e
manner as is the case for the embodiment of Figure 15.
Thesedesignfeatures described for Figures 15-18 canat best bringthe second
bending mode frequency of balance bar 1503 down to the first bending mode (drive),
20  frequency. This canbe illustrated by assuming that the central section of the balance
bar 1503 has no mass and.the reduced stifiness areas of the balance bar have no
stiffness. In this most extreme case, the central section of the balance bar can be
completely neglected and balance bar 1503 behaves like two independent cantilever
beams 1511(Figure 19). The first bending (drive) mode shape then looks like Figure
25 20 and the Coriolis-second bending mode shaps looks like Figure 21. There is no
difference in the balance bar shapes between the drive mode and second bending
mode except that in the drive mode of Figure 20, the two balance bar beam ends
1511 arein phase and in the second bending mode of Figure 21 they are outof phase
with each other. Since the bar ends are not connected, their phase relationship with
30 each other makes no difference to their resonant frequencies. Thus the second
bending (out of phase) moda of Figure 21 has a irequency equal to the first bending

|
} (in phase) mode of Figure 20.
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| spring rate of the balance bar. »

In Figure 22 flow tube 1501 and balance bar 1503 have equal drive mode
~ vibration amplitudes. Figure 23 shows the same balance bar“dn've mode vibration
15 . amplitude in conjunction with a near zero flow tube vibration"amplitude. In both
figures, bracebar 1502 has a stationary node plane 2201 between flow tube 1501 and
balance bar 1503. Stationary node plane 2201 is a zero vibration pléné andvibrates
with neither the flow tube nor the balance bar. In Figure 22, because of the equal
vibration amplitudes, stationary node plane 2201 is located appreximately half way
20 betwéen'ﬂ'ow tube 1501 and balance bar 1503. In Figure 23, flow tube 1501 has a
| much lower vibration amplitude (and a larger mass) and thersfore, stationary node
‘plane 2201 in brace bar 1502 is located very near flow tube 1501, As far as the
dynhamics of the system are concemed, stationary node plane 2201 marks the end of
the balance bar 1503 spring region in each brace bar 1502. The shorter effective
25  spring of balance bar 1503 of Figure 22 gives it a higher effective stiffness than the
longer effective spring of balance bar 1503 of Figure 23. With most of the spring
function of balance bar 1503 residing in brace bars 1502, a higher flow tube/balance
bar amplitude ratio results in a shorter and stiffer effactive balance bar spring region
than a lower amplitude ratio. Thus designing the metar so that it has a higher flow
30  tube/balance baramplitude ratio in the first bending (drive) mode than in the Coriolis-
second bending mods can resultin the Coriolis-second bending mode having a lower

resonant frequency than the first bending (drive) mode. This is explainad below.
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ef ng relatienship is trua:
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Also, the law of conse_rvation of momentum holds:
10

M1V1=Mbbvbb

It can be shown from these two jaws that the vibration amplitude ratio is the inverse
15 | of the mass ratio and also that the mass ratio and stifiness ratio must be equal:

X

!

-AI =Mbb Kbb
A, M, |

bb
20
Therefore, for balance bar 1503 to have a lower vibration a;'nplitude than flow tube
1501, the balance bar needs to have a higher mass and stiffness than the flow tube,
The drive frequency is raised above the Coriolis second bending mode
frequency in the following manner. The vibration amplitude ratio in the first bending
25  mode between flow tube 1501 and balance bar 1503 is made high. This is done by
making balance bar 1503 and its elements 1511 heavy and stjff comparedto flow tube
1501. The resuilt is that the stationary node plane 2201 in brace bar 1502 is close to
balznce bar 1503. This makes the spring rate of balance bar 1503 (in the drive mode)
high. Inthe Coriolis sacond bending mode, however, tha amplitude ratio is reversed.
30  Theflowtube Coriolis deflection amplitude is low becauss it is not being driven at its
resonant frequency by the Coriolis force. The balance bar amplitude in the second
bending mode is high becauseajtis being excited by the Coriolis deflection cf flow tube

1501 atornearits second bending modsa resonant frequency. The flow tuba/balance

)
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OBttt B SR smsi e faih I a0 s i voceona 3 low in the
109& () - @ i¢lis- s crePBefding mode, the balance bar springs (which reside in brace bar
1502) are stiffer in the drive mode than in the Coriolis second bending mode. This
enables the second bending mode to actually have a lower frequency than the first

10 bending drive mode.

In summary, there are four design features that characterize the present
invention. First, the stiffness of balance bar 1503 is reduced on both sides of its
centralregion 1506. This lowers the balance bar second bending resonant frequency.

" This is done by elements 1508 and 1509 which are flexible and have a low spring rate.

15 'Second, the mass of balance bar 1503 is reduced in its central region 1506 and

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

20  the balance bar spring stiffness to become a function of the vibration amplitude ratio
between the flow tube and the balance bar. Fourth, the relative mass and stiffnesses
offlow tube 1501 and balance bar 1503 is such that the vibration amplituda ratio (flow
tube/balance bar) is higher in the drive mode than in the Coriolis-second bending
mode. This allows the balance bar sscond bending mode to have a resonant

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

30 The preceding described embociments of the invention have the form of a
single straight tube with a parallel balance bar beside the flow tube. This has been
done only for clérity of ths inventive concepts. The principles and design features of
the invention apply equally well to a single straight tube Coriolis flowmeter with a
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The embodiment of Figura 25 is similar to that of Figures 22-24 ekcept that the
balance bar 2503 is concentric with and surrounds flow tube 2501. Bajance bar2503
10 is connected at its ends by brace bars 2502 to flow tube 2501, The center portion of
the balance bar 2503 is light weight due to void 2507, Sections 2508 and 2509 are
of reduced stifiness. Balance bar 2503 also has added mass elements 2504 and
2505 corresponding to elements 1504 and 1505 on Figures 22-24. This design of the
embodiment of Figure 25 permits the second bending mode frequency of balance bar
15 2503 to be slightly lower than the first bending mode (drive) frequency and provides
the same advantages formerly described forthe'émbodiment of Figures 22-24.
Figure 26 discloses embodiment which is similar in most respects to that of
Figure 25 except that flow tube 2601 and its surrounding concentric balance bar 2603
are not straight but instead, are curved upwards from horizonta at portions 2615 and
20 2616 from which they extand upward until they make the transition from vertical to a
horizontal at areas 2617 and 2518. The center portion 2506 of brace bar 2603 has
a low mass area 2607 comprising a void and elongated elements 2608 and 2609
which édditiona”y have a low spring rate. Elements 2604 and 2805 provide additional
mass in the same manner as do elements 2504 and 2505 of the embddiment of
25  Figure 25 and in the same manner as do elements 1504 and 1505 in the embodiment
- of Figure 22-24,
On Figure 25, meter electronics element 2420 applies drives signals via path
2423 to driver D which Cooperates with an adjacent magnet M to vibrate the flow tube
2301 and balance bar 2503 out of phase with each other at 3 resonant drive
30  frequency. With material flow in the vibrating fiow tube, Coriolis forces are applied to
the flow tube to deflect its Izft-hand pertion out of phase with respect to its right-hand
porticn as is well known in art, These Coriclis deflections are dstected by left sensor

St andright senscrSR. Signals representing the Coriolis deflections ars applied over

i
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The embodiment of Figure 26 is similarly associated with an electronics
element (not shown) comparable to meter electronics 2420. The embodiment of
Figure 26 similarly has a driver D, a left sensor SL and a right sensor SR (all not
10 shown) in the view of Figure 28 since the flow tube vibrates in a plane transverse to
the presentation of Figure 26. In this view, only the left magnet M associated with
‘sensor SL (not shown) and the center magnet M associated with driver D (not shown)
-and the right-hand magnet M associated with sensor SR (not shown) rhay be seen on
Figure 28.
15 . Itis to be expressly understood that the claimed invention is not to be limited
- to the descrlptlon of the preferred embodlment butencompasses other madifications

and alterations within the scope and spirit of the inventive concept.
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il i T T
113 S&10%& ()-1@ 11 %m&'()-%‘@5‘!10%'()'“3%&. noe o
~S38* 10%&! ()- ! F-) 10% @N’PPI'BE“@“@%’/%’FBE?%%%%%?‘_ @10%8 ()-n0r 4 111§
Y1#10%r&' |(\/%L01V¥45(S§ ) iocyﬁbl(e)tﬁgss)a)i&%ow {L?be and balance bar out of phase with respect to
0 1 - -
10%& () - each other in a drive mode having a drive frequ

€ncy substantially equal to the
resonant freque

ncy of said material filled flow tube and said balance bar:

inducing periodic Coriolis deflections in said vibratin

g flow tube having
10 said material flow:

said pericdic Coriolis deflections being characterized by regions of
deflection as well as nodes having no deflection: g

characterized in that said method further includes the steps of;

inducing Coriolis like deflections in said balance bar at said drive
15

frequency in response to said Coriolis deflections of said flow tube;
said Coriolis like dzflactions having the sarﬁe number of nodes as said
periodic Coriolis deflections: ' -
said Coriolis like deflections define aninduced mode of vibration of said
balance bar having a resonant frequency sufficiently close to the frequency of said
20

periodic Coriolis daflections to increase the amplitude of saig Cori

olis like deflections
in said balance bar:

said Coriolis _like deflections of sajd balance bar havin
proportionalto the magnitu

material flow:

g an amplitude
de of periodic Coriolis forces of said vibrating flow tube with

detecting the velocity of said flow tube with res

pect to said velocity of
said balance bar:

generating signals (SL, SR representing

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

deriving information (

2520) regarding said flowing material in response
30 to said generaticn of sajd signals.
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3. The method of claim 1 wherain said step of inducing said Coriclis like
deflectlons includes the step of inducing said induced mods vibrations having a

resonant frequency greaater than said drive frequency.

4. The method of claim 1 wherein said step of inducing said Coriolis like
deflections includes the step of inducing said induced mode vibrations having a

resonant frequency substantially equal to said drive frequency.

5. The method‘of claim 1 wherein said step of inducing vibrations in said
balance bar (2503) includﬂs the step of extending forces indicative of said periodic
“Coriolis deflections from sald flow tube through said brace bar to said ba!ance bar to
- induce said Coriolis like deflections in said balance bar.

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

first end to induce said Coriolis like defleétions in said balance bar,

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

wn

Coriolis like deflections in said balance bar at a second bending mode resonant

frequency of said balance bar zt an amplitude greatar than the vibrational amplitude

A\



' _ 0 ' _ 0 ! )_

1, #10%]| & ()- @#10%| & ()-S#10%| & ()- , T 10%| & () - 10% & ()-

: vl & () - %| & ()-vi%@m?PB4 1! 10! 99%40%| 4] & ()

SRR @itels ) Erion &) QIS (1 a0t
NE éﬁjig:@)ﬁﬂ ¢ 83223& éguo\/lélj L ! |(§'1g0;§308/¢;”( ): a(#)looo/ff'?l(&;l 100 l@%siggg()_
10@@! <10%, @ & () - | & 10%] & () - 59 Y oS 1008 () - Bl<uV4 1111 |

0% () - “qnjclisPeae@ion)- o ¥EH0MREIHY =5 Ja10 Blsiald dailaet
Lﬁ)l %f& é)(%%%fpggi z- ()- #)O%w x& ()- hO#) Toom &{%%PEZQ& fé‘&ﬁ% flgetion
AR? X “Fg§ ="

' () - = 10%<& ()-!7
" ' 1111 9#109& ()-$&10%& ()- 10< 10< 10<y % ( .
(iggﬁ&' %)- | <#) 1090<0<& ()-g\aa?{\= 1!!! I Ny' 109%& (())-zu&fmoiy& ]g) 109%& ()
3"109& ()-y"10%& ()- y %A0%& ()- a_P}~?2{\= 111! Y3%40%& ()
"10%& () - F! z#10988& (%h

f ) S Q&: ) PP ?\=fl:7!!

| & Ol z10%ss ()7 gf&rt_jg}mogs)q %I%’ﬁgﬁ“{&gﬁér(c;ﬁ?r{s&ﬂ q‘gg/é&)s%c)p oqatr.izns erring the

&9i8%& 0 - Z%ﬁacé%g%@gﬁ 1 §ag %ﬁ%cg far-(2308) faon said ﬁta)lgnce bar to said brace bar

10j <10% & (thebtd (2804))103RBYE QLR L bgrjfgx%/“g&ngc?éesl%(sgﬁant frequency of said balance
bar.

S. The method of claim 1 furher comprising the step of lowering the

resonant frequency of said induced vibrations of said balance bar by lowering the

effective spring of said balance bar.

10.  The method of claim 9 furiher comprising the step of lowering the

frequency of said induced vibrations of said balance bar (

2503) by the provision of at
least one f!

exible portion of sajd balance bar together with the provision of increased
mass (2504) on at least one other pbrtiofn of said balance bar.

11. The method of claim 10 furt'her comprising the ste

p of providing a void
(2507) in at least one portion of said balance bar. o

12.  The method of claim 1 wherein said method comprises the step of

lowering the resonant frequency of said induced vibrations of said balance bar by the

provision of flexible portions (2508, 2509) of said balance bar at locations of high

bending moment of said balance barin said additional mods.,

13. Themethodofclaim 1 furthercomprising the step of main

nodes of said vibrating flow tube (2501) and said balance bar(
(2502). ‘

tainingthe end
2508) in said brace bar

14. The method of claim 13 whersin said step of maintaining comprises the

provision of stiff sections (2511, 2508) of said balance bar (25083)

and flexible sections
(2508, 2509) of said balance bar not comp

rising a stiif section.

32



111 1"109% & ()-1 “10% & ()-10% & ()-"10% & ()-yl $10% & ()-

"&O%&'()-(qusnbc 1011 1Y 10% & ()-! npd0%t& ()-y"10% & () -

#10% Z& ()- @ 10% & () -nPA0% & ()- f]~2nbC 111!

3,,mM10% & ()-! ('
DfJ)A dI(Ban 1111 1435394090D& ()- 4m'10% & () -

%3%15‘%& ()-010% &5() - Tivelomigod pf vm@/ig?m%?Q{-_s,féc(i)/&cg?r%n@{giuégdg});
0% & {)- QE%%%? & et lahtse b oaoms el Fov@tssiekecyoms of
@nbC 1111 # 10% ()- 10" 10" 10 <10% & ()- i

"109% & ()-| @/&00/& () 3F10% & () - @dEnbC 111! @O0% ()-Lm 10%&

"109& () -

"1098$& ()-F ' "10% & ()-1"npd0% & ()-3!1" 4095

Decer&ber 2002

L4098 k2@

EORDIRIW Yube.
()-

"109& (J6. Y TIbe&nejhod of claim 1 wherein said drive mode comprises a first

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

second bending mode of said balance bar.

17.  The method of ¢laim 16 further comprising the stap of iowering the
resonant frequency of said second bending mode of said balance bar by the provision
of a center portion (2506) of said balance bar and a flexible portion (2508, 25089) ¢on
each side of said center portion of said balance bar together with the provision of

5  increased mass on each side of said center portion.

18.  The method of claim 16 further including the said step of Iowermg said

" resonant frequency of said second bending mode of said balance bar (2503) by the

provision of flexible portions (2508, 2509) of said balance bar at locations of high
bending moment of said balance bar and increased mass (2504, 2505) atlocations

5  of high vibrational amplitude in said second bending mode.

19. The methed of claim 1 wherein said Coriolis like deﬂectiohs induced in

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

20. A Coriclis flowmeter having a flow tube (2501) adapte

said flow tube.

d to receive a

material flow, a balance bar (2503) oriented substantially parallel to said flow tube and

a brace bar (2502) means for coupling said balance barto sajd flow tube; said Coriolis

flowmeter further comprising:

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

characterized in that said methed further includes:

periodic Coriolis deflections being induced in said vibrating flow tube

10 having said mzatarial flow:
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15 Coriolis deflections;
said Coriolis like deflections define an induced mode of vibration of said
balance bar having a resonant frequency sufficiently close to sajd frequency of said
periodic Coriolis deflections to increase the amplituds of said Coriolis like deflections
in said balance bar:

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

meéns (SL, SR) for detecting the velocity of said flow tube with respect
to said velocity of said balance bar: . _

25 means (SL, SR) forgenerating signals representing said periodic Ccriolis

deflections of said flow tube and said Coriolis like deflections of éaid balance bar; and

means (2420) for deriving material flow information in response to said

generation of said signals.

21. The Coriolis flowmetear of claim 20 wherein said means (D) for vibrating
said balance bar induces said Coriolis like deflections in sajd balance bar with said

induced mode of vibration having a resonant frequencylessthan said drive frequency.

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

frequency.

23.  The Coriclis flowmeter of claim 20 wherein said means (D) for vibrating
said balance bar induces said Coriolis like deflections in said balance bar with said
induced mode of vibration having a resonant frequency substantially equal to said

drive frequency.
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25.  The Coriolis flowmeter of claim 20 wherein said means (D) forinducing
said Coriolis like deflections in said balance bar flexes ends of said flow tube in
response to said periodic Coriolis deflections to flex a first end of said brace bar: and

flexes a second end of said brace barin response to said flexing of said

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

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

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

27.  The Coriolis flowmeter of claim 26 wherein said means for lo.wen'ng

comprises added mass (2504, 2505) in regions of high vibrational amplitude in said
Coriolis like deflections and comprises flexible portions (2505, 2508) of said balance

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

'28.  The Coriolis flowmeter of claim 26 wherein said drive mode comprises

a first bending mode and wherein said mduced mode of vibration of saxd balance bar

compns=s a second bending mede.

29.  The Coriolis flowmeter of claim 28 wherein said means for lowering
further comprises a rigid center portion (2506) and an addsd mass (2504, 2503) on

each side of said rigid center portion.

: 30.  The Coriolis flowmster of claim 29 wherein said means for lowering
| further comprises flexible portions (2508, 2509) of said balance bar at locations on

either side of said rigid center portion.
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32. The Coriolis flowmeter of claim 29 w

herein said flexible portion
ccmprises bellows (1808, 1308).

33.  The Coriclis flowmeter of claim 27 further comprising méans (2508,

2508) for raducing the effective spring of said balance bar to reduce the frequency

of szid induced mode of vibration of said balance bar.

- 34. The_Corio!is flowmeter of claim 20 further comprising means (2508,

2509, 2504, 2505, 2507) for concentrating the effective spring of said at jeast one flow
tube and said balance bar in said brace bar.

35. The Coriolis flowmeterof claim 34 wﬁerein said means forconcent

rating
comprises stiff members (2511, 2506)

on said balance bar and flexible members
(2508, 2508) on each pertion of said balance bar not comprising a stiff member.

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

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

37.  The Coriolis flowmeter of claim 20 comprising a substantially straight

flow tube (2501) and a substantially straight balance bar (25083).

38.  The Coriolis flowmeter of claim 20 comprising a flow tube (2601) having

a curved portion (2515) and a balance bar (2603) having a curved portion (2611).

38. The Coriolis flowmeter of claim 20 wherein said induced moda of

vibration comprises the second bending mode of said balance bar.
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-5 at which said flow tube is vibrated:
| said Coriclis like deflections being out of phase with said Coriolis
deflections of said flow tube and having an amplitude proportional to the magnitude

~ of periodic Coriolis forces on said vibrating flow tube with matsrial flow.

42.  The Coriolis flowmeter of claim 20 wherein said means for inducing
' Corio!is deflection in said balance bar comprises: .
' means (2502) for inducing Coriolis like deflections in said balance bar
‘with said Coriolis like deflections defining an induced mode of vibration of said balance
5 bar having a resonant frequency lower than the frequency at which said flow tube is

vibrated,
said Coriolis like deflections in said balance bar being out of phase with

said Coriolis deflections of said flow tube and having an amplitude propertional to the
magnitude of periodic Coriolis forces on said vibrating flow tube with material flow.
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