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vel ocity S & se shift, due to.material flow  The bal ance bar
vel oci ty Y86 e RB%=G: @%ﬁﬁa%& erEe sonTperh B oot o Y08 &3 REE R
phase shi feaugk Ehptidasdiglerémee Mehaodir thesens eensctheitages Phasen sk fibw aad is
out put vol t age of e‘ac’h, vel oci t-%' sensor i s, redyced by the non-phase shifted
bal ance b&roPorHpRakiaitnisrrasailierencedut is Fredqndte Sotthet betdoy tivesiere he

fl ow sensigdiviiy c8f: N FuisidB ol PEwS S SL L Ao fLid ) Lo
sensi i vi Cp gee ea IR BRUEL AR AT PG Rt ee S Mol B YRR Bhmetiand o
t he @&ducshithed hesethsr et sotrgsphreding ledwmidnar geve (sstnglnefef @wndgree veicanpt er
results igﬁa conbi ne ter sensitiyi tYA so low as to inpair the

flo A
accuracy ﬁ”&%ﬁﬁ@rep‘? WS SRTER PRSP C8f NGIoE Y Ghd Botio AR Eie sa6re Blogas as
appl i cati ey IBIEE =20y 59%§E9¥gﬁ1%il%%ﬂ%5r ?éi?.bll'ﬁg‘%o@fn%:rggn"s% sBngaan
y
sensitivity to material flow Both in the present inventio
out

The
HiF-
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prior art sing; tube Coriolis flovvneters the bal ance bar | acks @Qgﬁrfi cant



30 designing the bal ance bar so that it responds to the Coriolis forces on
the flow tube by bending, in its, second bendi ng node out of %gssem\ﬁ/i t&?
respect to the flow tube defl ection caused by the applied CorlildPseempg; (2.
2 10 Decenber 2002 Wth material flow, the vibrating flow tube deflects
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gide of the flow tube center point. Thus the Coriolis deflection of the
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second bendi ng node resonant frequency of the balance bar is made close to

the dri've frequepgy. e.excitation of 25 the bal.ance bar second bendi ng

.mode by the Corﬁfgﬁ%sm%%fllagﬁﬁvbﬁjéo ’“E“tﬁ'@%“ﬁb@“ﬁu&g’% pt,so’ﬁe@Ss'GFW &9 B applied

cause si gniGondistfopdease Tiel @yvd NitrieoRabameenfarugh atrtées'_Yf?éth(ftii;'@ §'e‘rl$9F in
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t he bal ancesbar that are out of phase with the Coriolis deflections of the
flow tube. These deflections are referred to as "Coriolis like" in that
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above the first bendi ng node drive frequency. The reason for this is that
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tube and the Coriolis IiC%gSAg fl'r@ct%%gh%p%t’ﬁ(eﬂgﬁgf%ﬁ%%”fi 'edloeMUHé ingble

i ncr._eafsegiorfé@t%:%méndrha‘rtdirtgjmaﬁeheh&‘ref balangbt?'ars‘aigsmrceb@_p%s fré‘r]gsfﬁdfté”éd a
sensi tivi , ar e to that of.a. dual tube Coriolis ownet er .
Furt her mgf;ﬁebubfj ktlfté“ Eé%%ﬁ%%%iﬂ%%p FRErYPLEHRN INRRsonerPanding cesietrasoant ol i s
forces adramekhciast theebdlamss bHEBGhAtE OBEE t6RAKEA | v AR aspect. of the
i nveat i o%a nethod of operating a Coriolis fl omt%?ﬁﬁiﬁ'ﬁgngégﬁ%'lo&ﬁft ube
and <2 baf ¥hO& PSP R wHced ReMramteda by thar@ptiels deflsetich bl pw fisea aad
further havémes BLARED i BF | J_hg.sai d.bal ance par to said flow
tube; said method conpﬁ_glérﬁggglﬁé&sc?g LSSE CYEOW th‘&aq?g?%ﬁ Fratipauglecdni d
f1 ow t ub8&nsardecationg. skiisl phhew dalhet atnd chadransea hes b@Hﬁog%ﬁjo%gégs%we
respect H? ﬁe@%g,a t Egrv‘e%:o L a drive rmdelhavj ng a drive frequency

subst ant P a1y “sGUaP S VEThd ¢ &061F3RPPEIPE gl cyioat ogatien sreerer eahhadddsechd | ow
t ube andssaditlithalf amne edoar to fidiguci ng periodic Coriolis deflections in said
Vi bé@ti ng flow tube having said material flow 7 10 Decenber 2002 said
per?odi ¢ Cor i 1813 caeANCEctitb sl Emyochasatbbiizieds hyot etbars opf pdaktect i on
as wel |l @sqpedes havi.ng, eflection: characterized in that said method
further r?’;‘nccjigu es 1 ﬁé '§9épﬁ§/ g'f ‘;“’%ﬁ@ﬁfbﬁ“r@ar&r—i‘sﬁ"‘{ {13 e epreryiaiise fovwsai d
bal ance thae atd S Habimiceendr equigney!l ikn b/ espoNseLtp said Cariqlis, |

defl ections of .said flow tube;, said Coriolis Ii ke dace){fé“crgi' '(')‘ﬁL Oﬁa&}?rrg 5t he
same nurfber bF RGHESCAS DR Ui P X O &I ey 2oy, halesdikrbt ons:s s@i o pBRrkkol i S

| i ke defl ections define an induced node of vibration of said bal ance bar
havi ng a resonant frequency suffici entJy close to the frequency of said 10
periodic Coriolis deflections to increase the anplitude of said Coriolis

| i ke defl ections



ip said balance bar; said Coriolis |like deflections of said bal ance bar
having an anplitude proportional to the magnitude of periodi rio
forces of said vibrating flow tube with material flow 15 deﬁQE?Fﬁﬁk?' 02
velocity of said flow tube with respect to said velocity of said bal ance

bar; generat] j.gnal s representing said velocit f said flow tube and
sai d vel oci %ﬂ%f&ggﬂ§ %a?lﬁﬁ%@cﬁtar’%\é gr{asblgr‘r‘vibr%‘?# g?ﬁﬁ?‘?%eﬁég%@f@cﬁané%ﬁj
flow ng mat ey bl ofi gh J<esPRm SR 0 iR tho R daesrelaibhosh e %el,ﬂtll,@egn@g?-usa the
Anot her aspect is that said Step of inducing said Coriolrs I'Tke defl€ctions
i ncl udes t hbakpeptarfs sxatatpmgewaedicn itrased drsdelivg braats ietise Bavictigcslections
resonant fr y,J gss.than said drive freguency. Apother aspect is that
said step o?gﬁ%(?tp?é‘i Wg“séﬁed\“Cb‘r“iOUICf@""“i"’%é “déﬁ?é‘&'%%%sgzgs CREPUEESERE BEER
of i ndugi ngdsfdiohsusessaradeny Chralis osre e oy tHOf|wIesena: queney o,
greater than said drive frequency. Another aspect is thg‘?tes?félég' gﬁé%‘c?fbt of
i nduci ng sabftesesiecond senikg rdefs gefi¢atimsiafidhadiesy tube anethotalendseangesait d
i nduced node vibrations havi resonant fr ency_substantially equal to
said drive ‘fV‘é’qﬁ'gn%visoéé%\ﬂo?ﬁ%ﬁ“-ea@%"éé&ﬁ %“?ﬁ%fa'ﬁ REdP S ratermdirit spnals
vibrations dfin&ak ek Ance DA hBEIHARS: ik Bere3t18Rn &f 0912k N9, EONLES o iy

i ndi cative of sai d”g“?'h odi ¢ %(()crei oli's'def I'ecti ogshﬁ%r??gfd‘ %'i'lg']%l\‘/’v?ftﬁ‘b oriolis
t hr ough saiftbvisneiees.bar to said bal ance bar to induce said Coriolis |ike
defleciions in i.d_bal.ance bar. 8 10, Decenmber 2002 Anot her aspect is
that “sH o st eps TBF TGR BT RN A4 e PSR SIS B ATRIYIEY dIRes Seepebgrrbelow
f I exi ng endge afrive athddrew it Udidvad B RORSOsical saidtsRS ipdfg Lol s
deflections to fl exéha fi ?Ist end of a§brg?g_ bar near?;h?{ gﬁ "5 %ée%cgnghéthat
second end iglucasi airastistebutien of its mespandestifimesai dMddseisiramavedSesrd tfd cemtreind

to i nduce iLd Coriolis lLike deflecti iLn _sai d, bal.ance bar. Anot her
aspect is %ﬁg‘t RO 655‘“8}5#?4‘3’&& %80225(5"'58?(]&(1@%waed@b’lv‘é@{ei RAYéng itlsai d
vi brating hapeqen thaketosd URsnE e RieRBS. Tha rhBSwIRiAGy S3id 160 j-ld-S ohitke
defl ections.in said bal ance bar at a second bendi.ng 10 node havi ng a
resondft f EBeRIEhEyNdinEsredei Heqyeraugecesssdha secarsl beadinanoygdaahds little

operating -6, hal LA i LI i hducin aid -,
Cor ol i o1 RSP RA Tap BEnflR, RG0S 68 aBBRH B.eRE odlarsR P iy Holeei
resonant f sempoernogatiohssetidh halemsaaebascoat mncﬁnplrhéd@&eqtj@ﬁ&fh&rb%ﬁ‘aﬁ e

vi br ati onal .an‘%lsi tude of said Corioli gef l,ecti qﬁs of said flow tube at

sai d peri ofli'¥® EBHYHIGYCERetSEPEDR af‘?é@% FrAIONBEVARER her seepsstbending meoda ep

of transfepmipidhegrifeqtive spring of said bal ance bar from said bal ance
bar to said lgr ace-bar nmeans to |ower a second bendi ng node resonant
frequéficy of sdbalames hacetiifnass inmndited by geeetly softhringtieip toe regiers iohgigrhe

resonant f f._sald.Ln e I b Lons of said |.ance bar by

| over ng (hE P st Ehd pRATHE ader TRFeRREBarS L slidhufiicr el e ¢ ne
step of | ofnemitmgvdibeityf Jegoeney:iofs SREovidLSEh s Bidsens-0f said [Halance
bar .by the provision of at |east one flexible portion of sa|8 bal ance bar

t oget her WNEFSEM BFRENSIBAFDICRRETSaYELR ARy IH!RE!Feben thindriva ieguaroyt i on

of said baliancg iRabivARN heaeg[%qﬁﬂe benbhe PURBsOLALOVEALNG Jrvold i n at
least one portion of said 2 balance bar . '
25  centralsection of the balance bar, betweenthe soft areas, isincreasad to further raiss
the drive frequency while having little elffsct on the second bending frequency.

These physical modifications of the balance barcan reduce its secend bending
moce frequency so thatitis lcwerthanits first bending mods (drive) freguency. When
thisis achisved, the Ccriclis vibrations of the fiow tubs are transmitted frem the flow

30  tubethroughthe brace barsto the ends of the balance bar, This induces the Coriolis
like cefiecticns in ths balance bar that are out cf phasa with tha Coriolis dallections
of the fiow tuke. Thase dellections are referred to as "Coriclis ke in that they
assume a mocs shapa thatis similarto that of aflow tuba baing daflectad by Coriciis

=

m
\



Anot her aspect is the step of |owering the resonant frequency of said
i nduced vi brations of said balance bar by the provision of flexible 2
portions of said balance bar at |ocations of high bending monkdhiPecsmbeni P
bal ance bar in said additional node. at |ocations of high bending nonent of
sai d bal.ance bar in said additional npode. Another aspect is the step of
mai nt ai ni ngfarhe. &hd fnodeseandailshad hiraking f1. Lube and said bal ance
bar in said brace bar, Another aspect i slti%”(f“s“wte%%?'%i"h‘tséifrﬁcﬁ’g ige@uaes
the provi si B¥Cor CRE IS ¥OgEEteonssein satilchtsaine titees aﬂ%ésf«‘éid?}%négﬁt,g%ns
of said bal anggnbar ari%oqpnpm,sior‘lg‘ sections of said balance bar ' “and - =Y
flexible sections of safd Bl dice  BHIESABE! 1O6RD PISIrigwaLise.i The saeltiomar fna
10 Decenbersie@@2uleotdier cAgRentsds isaddioGatd ohi s ke defl ections of said
bal ance. bar are out of phaseqﬁvith t he pgﬁiocf)gﬂléc'Cogpi‘gﬁ’é“ﬁ?ﬁtl‘@&tcﬁéﬁfl-@ﬂ tged
f1ow t ube. ARG her aspect is said drive node conprises a first bendi ng node
and wherein sai drijhduced yjbration of said balance tar conprise the second
bendi ng node of drétsra*?*%?haﬂt%c%a’ﬁw 8%%1%}’1 RapEey maga erasive pif reb 94EY fong
t he resonattte Phasgiehtie Obrisid 5268 \endin e.of ,sai d bal ance bar by
the previsjion of a center portion JOP%sfgf%ﬁ %?%%g‘:ﬁ%’?dh‘rﬁprh*hﬁlféb&i“@ﬁémp of
portion on”@aﬁ%@?ﬂe'r@ﬂusamefctéatt:eaiammémwﬁdﬁﬁr@iﬁﬂnsgg% Qfﬁrf'rts %er'g her
with the pﬁfb\gez(idﬂpe)q;;ghnecrr ea g mass ,on each side of said cen el g?f?"aﬁ.
10 Anot her aspect 1‘s' t & éc[yeaﬁofscf:e% PRginganers issquency can elerte)e & thaal d
secontiObenequey topde wEasRi WaRahange PASLRY Lhs. pLovisi on of flexible '
portions g::‘)e%ﬁi d tr)%lf;:fgce bar at Io?at?rﬁ)“ﬁggdf‘gﬁ éﬁ”\b"érf&?%”ﬁbnéhtheoﬁe@mdj
. aaHe . . _ . . . .
bal ance b g §@denelsis higherdban tomsirios frbngnéélbi}f@%%lgﬂfgl E%I@ééotnudde

in said sesonshPensl . Anot her. t is said
ot oot o R ROBRES i NN 3R B sl nauqsuidbraton ot thefporisd ¢

Coriclis dafi$ tartdsdose Ofic s ak gk rlbaw, - il S Coriolis
fl ownet er havi a% a flow tube (ggaptsgggﬁtoarf‘ﬁe@%ib@%teg%gﬁgé‘f’iyallﬁPPSMEHQEMr'énce

bar ori enfEGCRABENTING BOCE frauancylis belosaite Eivawreslbscanss axbra ans

for qeupl g bg@gr%ebgé,a@g;e%p@rb;t,%sai d flaow tube; sg‘ibﬁ%br?% ?ks“ ?ES%‘?@E

furt her cg;gp_riusi.rgqg: 50T 78 HEENS O VIiae 2Pl h gl Basse fithahe tildse tiatnsls

bal ance b&woriols Insiucgliagbratiohto imTpass skAs @Ak Rt Ldrive nmode having

~a frequency suE%tvantgaal I)é equal to the FeSOnAnt %ﬁ%&ﬁéﬁ?i}/%‘c%ﬁ'ﬁ'tﬁ’&b’eri al
filled flow tube dRE S & BYIaifcEBard whikartae seconeben ding hatcsIaidlmey hod

further iacdwdtss firRebepditg FRH=04 ectijons being jnduced in said

vi brati ng LI ow_t ube havi h@ 25 dgagld%\ﬁenggé#?@#},fﬁﬁe\rre %qgﬁgoﬁé}ﬁ‘ﬁé‘ijif@f@ééﬁiﬂ@w S

col | ect i OHSCISF RdC Bndbeaticer arbith shiyelames bags oécatef Hzéﬂtﬁﬁg)ﬁo?}g ekl ag. nodes

havizg nolefd eq{ﬂeo?e,rg%ﬂgs fgro_i nduci 2%‘" Coriolis |ike deffections ih'said

bal ance ?haﬁri T'al i 11 said The Lare"tRifbafivesve sbdweeaitte floGotitd iaggl i f e

def | ect i dreierad hgr wicts anezrymaein @haBed8sGT Saldnerd.edic Coriolis 30

defl ecions, Said Coriolis |ike def ect i_ongtl%?f ,"?,‘gdtgﬁ"eﬁiﬁg%ééuﬂ REWE: of his

vi brat | o WFVENCSAN Pece Yaeiul gmbodigrersdn canaimapelidaienhavi PG @ 58S nt

f requencyesond besBiHYMeHe id frequency of said ' 10 10 Decenber .

2002 perif_lgdig Cor i oIgiyrgsg(eafsf%ei%ngﬁslgF%ﬁlg%@ﬁéa’ ettﬁéﬁ%hﬁtibﬁoafGQMO@mﬁdve

Cor i ol i s"EAKENesftsEsn plitnselandShiadelbahazoazb3 sbiarsaisd Kdenllike

def bgct i Hfb%’é%pf@rji% alcancg, bar havi Q_g an anpl i ;gdg Sgg%%\f ri'B'ﬁ'Q} {%‘ted%["ﬁe

magni t ude of periodit Tori o't §CPBE@CBFagrauinbe Howmetdrinawnguberavdd

mat er i al séhowvityeans for detecting the velocity of said flow tube with

respect to sa%gavelgcity,of sai d bal ance bar;
S coniiguration in which the balance bar second berding mocs frecuzncy
is belew the drive frequency is, however, preferred Eecauss the phases of the flow
tube andbalance baradd and also becausa the balance bartandstobzlzncs the flow
Sl <ial Qo Ul A

30  tubeinboththa driv ! ioli

2 drive moce an: iolis/se ' i

o8 t i ocz and the Ceriolis/second tending modss. In cenventional
singie tube meters, the balance bar balances the flow ttbhe shaxing fo

bend : orees in tha first
ending moda oniv. Thass amA I
gn enly. Inasecond bending mode Irequency of the balanca baris at 2



means for generating signals representing said periodic Coriolis

‘defl ections of said flow tube and said Coriolis |like deflecti Brbs)eﬁof saj'o(az
bal ance bar; and 10 neans f or deriving nmaterial flew nf or maPilgemper
response to said generation of said signals. A further aspect is neans for
| owering the,.r e NGy ~Sah gl ceegh. 06 Vi 1.00:.0 id
bal ance H%lernq'%&i?@%]{fergéfp rgfﬁrﬁg?é“t zla%do{ggéi gngﬁéﬂ%rlgéﬁéﬁ@mfé f&%g
further aspegturicsldhaly sad dawehns tfoflohoveter ng staipr | Seszt addedg nesss/if
regions of high vibrational anplitude in said Coriolis |ike defl| ectg’ ons and
conpr i sedidWragiasicenpivty and caEseard hal BREE2HAR CALN? BiEAgT I8 dsiuaEtian ghPctn
bendi ng ment _of said . Coriolis.l ke detlecti:n A g e afrAdas, 4 hat
sai d dri VB TEE 2COnpr S SRS SOBT g rode S 20 e S Ra R lced
mode of wjhkraddspritofshgakshhalmnse daedeomprisesatedecond bendi ng node. A
further aspect is fthat said means for lowering further conprises a rigid
center porti ornAnelpeascadtvantinastherradadt BF HeSOordhy BraticgimtrdeisteeF 9dPYi on.

A further, aspect is that said. ngf 9r .l anering et her ¢ e .exi bl e
25 port | oS COTOLS Py She Lo BATE A M saLi o o] B e g & b oBaRs BhFE] o
center pofdd @hcy Anbyinebeaspret Haatdwbasabié bekehpreaszonith oaciconpr &ses
hello;”:s. A further aspect is nmeans for concentrating the effective spring
of said abeVidbaatingioecdd efuhe bplengadassisCHAA AROEINSANOFACIAFaneeldeashaend A
further aspect .is substantially s [ f4ew : ; tially
str a‘inht Chaf a\ﬂﬁg:%éq IS TRrT%%{’h@‘ Qégetgp te'i s#g“ ﬁtdg@ﬁf gggfﬁgéﬁéﬁﬁch?\}ed

portion apdoAd badEneerdirn inaiz88s asaHebrivistioees ind@abec@hhena?09as e
further aspect is that the step or inducing $3' d Coriolis like deflections
in said isamdedse ofhglamre foieheflep WS HMRIG HEVCHBFi s 1 ke defl ecti ons
1n said bal ance _bhar_w th.salf. Card ol 1 Iﬁee eklecti oRs,Heki N .. nduced
node of vi bra'?ri‘ o PV ‘béi?cd%éwﬂfircﬁﬁ'g\;l nggatsr eslonaﬁ? r?ﬁé’!qdl}féﬁ(%y %H\]/dvggr
t han t he pheanens prhaticutihehagaristidd mavntitibie Haveh 36 donathethdirgpinddetreqotney | i ke
. defl ections. being out of phase w %{h gai . Coroili 3 deflections _of said flow
t ubd Sand thads Fyverhammand teRY tBritodist PERSINS'BCHRE Wﬁérfﬁq}t?é‘% POt
Coriolis byl | { Wlid HBReMidry eRdheric tddony Ardddeiher
aspect i égé)h%{%%ggrbﬁﬁ%gﬁ#ﬁcf&{ %ulglleﬁg or %I i's deflection i'_n%g{ d _1011@e
bal ancé Iguriotisiipe dedsctiveans ifsarwn mdhich ag aoraf ehiaselvilteth@ds oreadisidefiscianssai d

bal ance bar wth said Coriolis |ike, defl ecti def L .an i ng de of
vi br at i oﬁfmevﬁfé? H‘%ﬁal S8UBHF |rr?'ga‘émrs 5%0%%‘%'9 ﬁﬁ%?gﬁ@{}gﬁaﬁ}?‘%ﬁ gg;}tﬁéhe
f requencyati wbizel t8aichrfolioVké HBEetsons bitabddianke tsaimowide izolihsrebbdcenet

defl ections in said balance bar being out of phase with said Coriol i§
def I26ct | phasekhiapdt ¢f @aeht RIeCihSEMERS 3 4 dme Bi SA0GE VY D IPYi CORATREISt he

magni t ude_pf . peri odi i ol i . Baid oy Ratangd thes itk
mater | al 4 T BF Bl 5 s T B R e D el e MR B e
of the fegatities milatdes tHw Entrictin foegesbes bet!t es 126 firsdeesdiogdnbdamhakingadi ng

of the follow ng detail ed description thereof taking in conjunction with
the drawf®/§8Sin which; Figure 1 is a vector diagramof a prior art single

tube Coriolis A owms %gtr}fingﬂr‘.ﬁoﬁ S ABEr €5 ratif§bat bidisifluheterBeavingl gur e

3 discloses a'vibrating flow tube. 25 Figure 4 discloses the Coriolis

for @ss appildvetui® antea belancedise @iempgresENiplyRrels! & saicobey teppand
Cube of - BBTTSIE Td SRBr o g0F £ GBI eL PRee TR Corral oe VB o Fon: a
char act epishbg ceRist@leesttpbef:Coriol is flowneter of the present invention

fiowing material through said flow tube;

vibrating said flow tube and balance bar out of phase with respect to each other

30  inacdrive mods having adrive fraquency substantially equaltothe rescnantfreguency
of said material fillad flow tube and said balance bar;
inducing ceriodic Coriclis csflections in sald vibrating fiew tube having said

material fiow;



Figure 9 andl10 di scl ose frequency response curves of teh flowreter of the
present invention. Figurell and 12 are vector diagrans of teh si nglg E@BS
coroilis flowreter of teh present invention . 12 10 Dec@HssFmog
Figures 13 dicloses the node shape and bendi ng nonents of the first bending
mode of -the bal ance@,rgar of the present invention, 14 discloses the node
shape and b=nc' i rfg/Groeeiotc OdridliRe’IReEBRs bEirg chai8 5, W i sw.. h' bendi ng
mode of of t,rgewp,?%%ncezbgr@a‘of t hr present ilr? ecnﬁr%%‘éz'f—q gures'ess @i seflecinn
2n enbodi mert 9f ' £hEGEEIEING TR EAtEIATF gures 1 o and 17 discl ose the
vibrational respeRag:Ghasacteristics of the Coriolis flowreter of Figure
15, Figure 13 discl 0ses %%éﬁbé?%‘d?i@%"@ﬂ b‘fﬂﬁ“‘fq’e‘ﬁ?"uﬁﬁsttm@s@cp'si otis flow
neter of the presehuciiqCeritisike dd¥idttigHs 8Psaid na2dhand 21 discl ose the

vi brati gnal ==cshar acteristics of a co,n(l:ept uaf 'stcragla%ésﬁt ﬁﬁf‘bé“@‘?ﬁ“(ﬂ Irgquency in
flowneter. F0ras952108CHME oFlantiocs od ezid tovatimnal characteristics of
one possible strahghtotshe.Cariolis fl owneter O the present invention.

Fi gure 25 discl oses a%ﬂ:%ﬁrlﬁ"e(%%ét"f ETEHHIHORE2GT RLrThet dfinics astasakb @ dthe
15 f| owret eciglistdeflgmtiesent i nvention. Figure 2o discloses a Coriolis

fl owret er enbodyi n(g Cghe present invention and having a curved flow tube and
surroundi ng bal a® Waolspétsarrdactivas defité am Wcﬁﬁtrheéea&dvigp%q, raLus o

t he presentbai[gn@ngé,oﬁa‘gﬁgracrg_ggg j;nhf_gr'pbl em.of 20 | ow sensitiVi @ i A SRifgl e
tube flowmeters by the provisron of -a- PHlYaiecieally elnae tatie thiqesnd) epeBier
sensi t1Pvi t peripdic mlistdzeflemd@mﬁoa'ﬁéré&‘é’:F;Qia%dli&c%o&e i'% | S _pecessary to
under stanq}#@ nature of the Coriolis force on the T1owofahelike geilections

di stortion bﬁ?%&ﬁfcgé"i n the flow tube, and how the distortion results
in phase shift ghign@digsfhiw Luhe,. Figure, 1 is later described and is a
vect or di agram of the vi brg% c?tr?g‘rgg%'lg%cqft g%@ Bflanae Panhavirey anf akirguies 6.

Fi gure 2 sHRPORiIQnaltretheoragtinoegif-penbbRC srtighh@bs b ing as it rotates
count ercl %gygbr%?fggout its end 201. The Corol! i sékgpﬁ%g‘égwr?fﬁ%fﬁ’l“éﬁéﬁw\/lm
tube 202 can be o‘ i“red fromthe equation for Coroilis acceleration and

Newt i s Las 3Mdlattin itf$e @@!%‘é‘.’tf'b? iagfﬂgﬁ!@b%%?“d as: city la 10
y

Decenmber 2002 v = fluid vel oci roii "$5PeRbip paidevaledtyselds aig:
Fa= ~~.'~ a_an_;ce_bari ~¢C:~xv) ~~~=fluid mass p = fluid density 5 since
fluid f -1 = %ne%tﬁ’mgsiEnat.'éJPeaprysgmir?g;ga velockobe L ength

| aid velocity of said flow tube and said velocity
of said balanca bar: and

deriving information regarding said flowing material ‘in respcnse to said
20 generation of said signals.

Another aspect is that said step cof induci

| ng said Ceriolis like deflactions
includes the step cf indu '

cing said induced mode vibraticns having a
frequency less than said drive frequency.

Another aspect is that said step of ind

resonant

. | ucing said Coriolis lika deflections
S includes the step of inducing said induced mode vibrations hay

in | 'ing a resonant
irequency graater than said drive frequency.

Another aspect is that said step cf inducing said Coriolis ke deiflections
. NS WS e [
includes the step of inducing szid induced mode vibrations having a rssonant
(=1 = (=3
frequency substantially equal to szid drive fraguency.
30 ~ . . a . )
Another asrpect is that said step of inducing vikrations in sald balance bar
~ [ 1 H -

e - . e e :
Inciudes the step cf €xiencing 1orces indicative of szid pariodis Ccriolis defiections

from said flow tube through said brace barto said balancs Bartoinduce szid O
C vl -C 2l

O
i
o

=

like deflections in said balance bar.



F=-%p~t.~(wxv) F=2p.~r (G x. v) 10 but: 1 ~~T = nass flow
rate Fs =2 ~ Tz 15 20 The Coriolis force F~ is uniformal ong}%he Ier?)g%h
of tube 202 because each part of tubs 200 is rotating at the 19 emher d
the mass flowrata is the sane throughout the flow tube. Figure 3 shows a
straight flowt ; 1 s g Q. i habeuts £ £ ~and 302 but
is fixed in trans gﬁ’?rgﬁéé;%tt één%'saf%%‘:;{d zi“r:%:-c?[3 3%%&’!51%@% Staﬁ%gblé?,%g%i @%’Pﬁggteégggy
driver D imtddeecftirst bending node at its resonant frequency like a guitar
string while it. As the flow tube passes through its s,trg’in(ght, . materi al

flows through itl2XRg 8146 &/ SHE topdsaed ERPBLYHA $FCASECH CHelis daflections

di spl acemegota?I?Q sirgj 9y gpg b(;]gwwg%ﬁggr . Jdeft half rotates clockw se while

its right otates  colnt erw Se otations decreases as the tubes
centresis 14  f13RnBecesheid 2093; eqiptoachesr ihesSamdeero skiescRay Jigkad Frdhut
merely translates The spacial istri Quti on of Coroilis forces on the flow

t ubes 300 &BAIt? Ishissctaid iasiedh lisecalertnade S8istP#BNE_ B3hown on Fi gure4 The

Coriolis force LS.J osite di.rect.ions. an.tpe.t lves hecause the.tube
rotation direct F‘gﬁg‘[‘l’a{%geﬁg‘d%gﬁ‘éf‘%ésgb?'g fseg f%?%'g&tﬁ]'m'r#gﬁggé%o"'ggﬁ% at
the centreyibegpigsiealbnes bat dclniesahatshepd afbe diminshes t0 zero at the
center. Another major differences between vibrating tube 300 of Figure 3

and ti .2 rotatindgcingseied Ozrishs Frydeiedions it saif BAHIGR FH ¢ BUIsE 0B BB Ea6EI not
rotate,continu ‘ ~ Sl eps reverses. qi i AL ' i

di recﬁ?on gy &E%}Ir}/g ?ﬁggTrgﬁpglt?ico sgqgt g“% *?‘zar'@ acﬁ%'t’ 'Eaﬁgalgﬁrivtgpfesq\ﬁfegégeé@ﬁ t he
entire flow tubgpdratingrseid bhrRnee D tasiraetHeaticdl kenpiifigniby uekduadig thid Coroly i s
forces of Figure 4 vary sinusoidally with tinme with the nmaxi mum occurring
as the fl diset@afleclirBs 4l soF helrrca bl gre £6ne PAREING TAES APRPNRak TREME V& 8Ci ty
as shownn on. ELaure A 7250, OOk 0 430008 108 GS O LR ISRL 8 Hoidube
as the flewtuba réachés”its maxi num Vi brati on arrpT Itude and zero velocity
in the 15 dsflestiobsenéisag (o tue ahsade pelbdiciGaiplienesfieotion hregsinuysoi dal
application of the Coriolis force to the flowtube is the sane as the
frequency at wHitRHnel ??P%Ctﬂéit%Skﬁpb‘?fa{f‘ét?,ferﬁa%rl"y)e'rleﬁté‘ef?%Wgté}ebsé"ib?rar@?
bendi ng (qia{rg?&m qBRes l;‘a@!’:?%‘a?fbééi@%@@é’%ar rﬁleawewm&@s&%ﬂqs’oén@rfgeﬁlﬁaese

to the periodic Corio orce as shown in Figure 5 The solid |iné shows

t he shape régoeantlfre piaapyaristiatibalenee babe t akes in 20 response to the

Coriolis force gs the tube.passgs d I r Lo di spl.acepent in the

a1 ve mode. . The HERER T IA, ORRs Ch e AT R st PeSueA e Flree®

upwar d t hrguiahoRe60s didska1a664TBAE by bvdihgdhe \efeanvespiNeg of $diabalahes GHry

point on the flow tuba that is in fact pas&qr:l!g t hrough zero at this instant
[

is t129 rai d poiAftotoer asreatipBe sterRokiRYFENSIN T #RNECY Of s2idiingycgd iyatinas
second bending ¢2) 81n e t144% Snb Hek B8 cHiGOENGAIBRE Ree The
frequency%gfsg?jhgealg@%%ﬁgﬁgg}indi ﬁ'g%‘% taﬁe PI o&v Itubpe ils n%@ﬁ?gﬁg? t han

t he frequenggthat withitth troeis@or obincsedsedoraef ofFiagleastdriesctappperidn (affezid
frequency of the first bending node). Since the flow tuba is being excited
by Cori ol ib§'§ "at well below its second bending resonant frequency,
this Coriolis Gausies: Sefonmatho8:ef offpraviie:Pa adl hhe 184t drieSpd b6 &f Afaid
Figure 4 occur in phase with 30 each other., Flow tube 300 therefore 2
assulBs t belarttgderof Figure 5 as it crosses zero displacenent axis 303 in
its driven vibratd. | di 0g) | JomRde ~ Mt erd, OV, SUDEE L ip S~dAe
Coriolis i nducéﬂ‘a‘'i‘lto\t/ri?rs'r‘%’;éﬁl&J(’)C?ﬁsot:?‘%%'%rg?elog%gﬁ':’tl}l{ﬁéeﬁ;rdrﬂ;%\%g{rl14 3¥Vbe?§?%6%§§?§%%'ud:e 3.
This is shibweions dfisgid &=2mncBdtaneyvhdpatvivors obitein e aoridns dfisestbddemck hgr node
15 10 Decenber 2002.drive frequency; but they are.phase shifted from each
other by At %Caéﬁggé'g‘ bﬁ"h@”@:&?‘?rﬁfi‘gﬁiME@B“G?%BFK@ 1 Fg'é’8ﬂé'ﬁ?°ﬂﬁxi num
(Solid lines) ooeuis Mttt sfdiesbs bemndkne dmae i &l sz2aidiisRliagemt

al ong axis 303 The Coriolis displacenent becones zero when the first
bendBAg nbudee &3d aeidvelanoenbdr §psaigdiiesr Ceédashed lines) 6 1S anal ogus tO

Figure 4 In That |f represents.the state.af.the flow tube ln S . A%
Coriolis defl ebPEIHY EéTQ “20'%5&‘#15&?%%' %ﬁ:‘é'%t‘:i'h@aeﬁ“'lg%wfqrj%gﬁSEgovg%i;%éssa"i'er 0
axi s 303. sAttidrhi & ddifreal e Hdr el it sesitng,cf tbiel ool B3 rhotsesriaing
Coroilis induced deflections are at a,maxi mum anplitude. As already

expl ai nedafsd¥’ F5C§aRe 4, the Coriolis forces dinminish and ultimately becone
zero when the deflection of flow tube 300 reaches its 10 maxi mrumin either
an upwards or downward direction. At thigs tinme, the velocity of the flow
tuba is zero and®so are the applied Coriolis forces and resulatnt Coriolis
defl ection. Thus, the sinusoidal Coriolis response shown in Figure a 5
varies sinusoidally in anplitude at the drive frequency as flow tube 300 is
vi brated sinusoidally in its first bending node between its maxi num
positive and negative 15 deflecticn .by the drive signal.. The anplitude of

- ~ S o = o o oy



10 Decenber 2002 m nus cne The firstt node has two nodes (at the neds) The
second has three (at the ends and in the center). The third in
has four nodes, etc. In conventional single tube Coriolis f|3§/ﬁ?g"tc&$‘égf?3§?§2
bal ance bar only vibrates in the first bending node and | acks any response
to Corialis forces on the flowube. 5 Figure 6 shows a single tube Coriolis
fl owreter 6CO havAngthartkpsettisibeitdd-i@ndya Lal.ance. bar E02 connected by
brace bar 603 _and 604 at ﬁte, ends O%I%Sﬁagc%q%gﬂg%ﬁf. Sfthealspredar cresLobi
Figure 6 sholBETA B\ e GHIC Sedcbmtaiaichar 692 fswithey cross zero
di spl acenent axi s int.he first bending (drive) node with naterial flow
No Coriolis defleﬁéﬁggﬁgﬁéﬁg@&ﬁ‘t?‘;rkYé’I’%%’é%C%‘épﬂmaa‘jthEis@urr@ rﬁcd?ﬁ%d}jﬁﬁ?gﬂ
| i nes show 1d&id hﬂutb@wiﬁrytb@w@ﬂﬂsgéltaam%eb%iré’"t-—]t‘he outward “extent of their
vi brati Qn in the first bending (drive) node. ¥ ﬁﬁ?%tﬁe iS§cany éendingdnageah
di scl osi*ng 57 Y3 B e Pahal velocities generated by the conventional single
strai ght tube Copialds.flovvnetar as represented in Figure 6. The response
of the flow tubeAQ?H”%SSVFﬁH%v%F@@ith%‘vs;%'mtnesasma efre Qe Ao 3 s GQC%
15 a .| eadi hgnghaseadeciisuhesalah€PEESENHEE DY Lhe angl e bet ween vect or ~10
and the real axis 102. The vi br e e Ber Py YR (e eparrinoe! baid Hase med
shifted in pRase AriGENRIRiReMOR osieant sibie dﬁ@a@@@@npﬁrp&ﬁfnﬁ%& a;,f-fggi.ed b% the
gener at ed %Fieg]lei,gw qy.g%%\gg the.f|l ow tube. The bal ance ba S P6 aNC0BY i s
shown al ong the real axis 102"ahd'9 2366 PeFe@n\eazdl sifzrof Baky YEREPHofiA Of
the f1@v tube amd‘ldnlaéraen;;a@cbi@rthy@!sﬂcéftjé-,ggri,i%sgigz. Vector 1 G5 20 has a phase
angle ~ ~e, representing the conbined vector VeFolidiidemsacpishsais setonte
f1 ow tube epr‘?d‘d"%glraﬁg%ob%ﬁf'ﬁ bR etizaby tirepnetsighasts angl n%ﬁﬁ]of the right
sensor SR iggrhepsatidian ftfﬂ§h%§é%§e angl e for the tube alone. U SARRIENER i n
phase anglc'? (;nd sgnm?_i vityy TS9diEmER! therif hakanste pansed shirs4scef mbbe 4t
bal ance batodation®ni/kighiviratiossingh il ’ One enbodi ment of the
pr esent inventi%a as shown in Fi ngr.aé?ﬁ%égsﬁagé%gngmga’ﬁ’ééebar whose
second bendi ng MBAEEF BSREFRAM S3E G ke éeﬁ;édt@lmtsliryd@@@M’s%@bé!%ﬁ%é bggnrdai ng
nmode H8i veirfgregdenayihs mm%b&[ij:ﬁst%]&%%fd defl ection of (oW tube 803

€

excites the second ending nodé in PARLESEist flyotulyr way of brace bars

603 and 604. ThRother aspsct inid€wolit MewhadtapgsyRar vibrationin its
second berywégaggqq,?w 3Q is %r]ggort,i onal to thg- @(?o‘??\(%ﬂi‘éeEgﬁptﬁ@ttpdﬁcﬁlve
anpl i tude of T1ow Cub& Eoﬁ” t Prignied ssb@t@otrauppatameozdé@d%&%balcfr{d oW
rate The \drbcatiaemesmy FsudsySingbakan 602 :.n. jts second bendi ng node
on Figure ,7 is also a funct] pﬁglg g%lattz%agg%%ttiooﬁa tlowetvbe) seidf Dosiblis
bendi ng no@¥RRENYtHEF 6emERsiNGand t he bal ance bar second bending mode 17

10 Dgoenber 209z eSS L[ eguency, The c| oser the second bendi ng node
frequency of the bal ancg%tﬁa{luriggnq Sah‘{éo‘f'itﬁ-'%% e kzlageadeh odol YEse with

f requency’espget igreadhesther bt akeivehBoyd BEak| | tude of the bal ance bar
inits sercegraq_gtefndi n Am)c?e.__ This rel ati ong%ggﬁggﬁwﬁﬁﬁ%{ﬂjang gfgaklo thisi s

rel ationship I ﬁﬁﬁﬁg’“}’ of Sagbratariadfillad HowduSe anki sy bg;aﬁc%rbgph of the

vi brational amarastdez<X i al ang ar. 5 In its second bending node with
respect tO th%crabi, o@be.ctdlweer??"ts 'g rﬁrﬁggqb@ﬂﬁﬁ'ﬂ(j“"{#@éé (drive) frequency and
the bal ance bdr60¥F Gedwirdc#itamiong bebrdpindesedant afs ncy,  Th axis 902
i ndizmt esaidig £ aid 9het ween the first bending mode \(ﬁg’r’éﬁ'\aé)ﬂoﬁ’r @%ﬁéﬁ%\ﬂi”%nd

t he second bendi ng node resonant frequency of the balance bar. T he y axis
901 represent saidheerantd Chriohd tomediaet @i i Droilis response of bal ance
bar E02. A 2 0 can be seen , the Cori ollﬁscrﬁ%?ﬁb%ﬁ?édi%dﬁe@@si%dbéﬁ@lm*e bar
c02 is at & S TERSARANE RE dieromiet ween the drive frequency and the
second bendi ng:capdef gsana [ ney.of the balance bar is 1.0. The
Coriolis_responce 904 of t ﬁ% %cgrog%3g“b3‘r”°d:e‘dpéd§’e§5"ﬂo@ﬁdmtss per oifr eani t s
maxi mum 8MPkeleadsiEctons hevingdht reaueRcires - o n%idggrfg 9.beconme greater than
1. 030 TheqGpigighi.s response of the bal ance bar al’so et PEERES LG t s
maxi mum as the r'atio of these two frequenci es becones (ass than one. Figure
9 shows that saerCdrhéstine EERMURRGI @siare,relativel y close, the vibrational
anplitude, ALA of Dbal ance bar i r_lI [ ts@azg%o%a 'ﬁéhﬁ%g‘-gﬁéf@aﬁﬁaw whictzidhi gher
than t héSCyii%ot 3's" 3R éasanasitiitaadency stifiolrtlye 80D o A5, subseguent |y

descri bed, the preferred . - HTERusncy of salc
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enbodi nent of the present invention operates the Corialis flowreter
‘underconditions 20 in which the second bendi ng node resonant f[ﬁ ue%c%%diﬁ
slightly Iower than the first bending node (drive) frequency.10 &MO§
conditions the frequency ratio is slightly greater than one. Far another
enbodi ment,_ t he rat.io gg ween the two f‘r,equen‘c‘i es may be slightly less than
one. At t R AHEPPRRCERT RN LC NGRRRE &¢ IBPBHERAf Sdixeotpla liHa daflscsponse
904 on Fi gyegidha|gnstibghtly 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
wi th respect tcaihépfiaise liat thitedomisobf satbfaantoncaf rahedf awakie c:
depends on the,.rel ationship of its second, bendi.ng node resonant frequency
the first FEEHIF R OIBEIIRTEYUGS BHABHESC ACTOHEATIEF 1 gaidevib BatinBdiremhere
that igs igRohatdhgdrive node that excites the second 30 bending in the

bal ance bar, but. rathef the Coriolis deflection of the flow tube which
occurs at the drdans foregienioy thé veheithal sacddihatuseands ending - mdes s

r esonant féeqiﬁgirn%y i s _higher than the first bendi ng node (drive) frequé/ncy
(ratio | eSsS% “riC.EOFaf-hen t he bal ance bar second node vibrates in phase

with the flow g hohd S+d8 siqnatOrRecente i i on_as.shown an
Figure 8. |If tﬁg%@zil@g{]%g l%%r'“]@é' gﬁ‘?%‘é@@g%ﬁ%éelbﬁéﬁ%\?/“?ﬁé”%&l%@ ot

f r equencysaidtfiow tpbeat e seldaDoficlB)liket dedizctibes bakaincsalbese 5e€@nRg node
vibrates cut of of phase with the f&{g‘wﬁﬁube LCoriolis vibration as shown on
Fi guf® 7. When ERBSART SRRENG Mg HR IR e #i P WhdesPensaIlo sid ghasetianth t he
fllow tubey® sfepralpl is deflection as in Figure 7, the magnet and coil of

| eft velocity sensor SL both lag the flow tube m dpoint while the nagnet
‘and coi | of rigyfurthesaspacyisrerans f@Roweting theack sohent begtas drisdpphAtcedhe
si gnal OUI_L?H% o‘?f ;Efalagh sensor. no Iong}eﬁr has its phase reduced by the zero
phase shiP?P99e R HiaNa e §2idaP2i@REE TS 1 & VRdUe @RRrP¥Mas thal olwseitedrive

Fur t her mor=gjuehbg. vi bration anplitude of the bal ance bar 6C2 second 10
bendi ng node (and thus the velocity sensor phase shift) can be greatly

i ncridased by dedigigngspactds thatasaidtrmears beraloweringgeempysésadlias endss frhe

drive fr is.results in.a,l arge increase in floweter sensitivity.
The vect g%%ﬁgéﬁ QM gkbra“@ﬁli“ I@gu?? Eﬂ/\%@'fje or‘i(ﬁ ]ﬁﬁa Q?f%%aﬂaﬁeé O(5’6’1‘?’53"!;969@0ndy
bendi ng flegdield pealeenncyf shidotdibicdeferL bbaidrs st hi ”E’éﬁtgngﬂ?xq@méﬁ#fv?éid

w

frequency: i S 1ﬁ shown in Figure 11. The x axis 1102 represents e real

vel oci t yCOsRpBHERESHECHOR®RCct or. The v axis 1101 represents the i maginary
conponent of a lve nERE: DAL Ia Qci vector is 17 03. The fllow
Fube vl oci 1y Vegrer aspeifisCERen e EREoones i Raddngipeds Entuve
of BAe fwbarzintsaiddedered ndde tb vibessort basaichbalhasebshidrbprissada sz8on@f t he
bal ance g‘?g iﬁﬁ]c-or 11 C3. The net signal cut of velocity sensor S R 20 is

t he vect % ”%?)‘Fl%se and anplitude of bal ance bar vector 1103 and fl ow

tube vector 1AGdrhdlesspuct ﬂshﬂétéaﬂ@h@&ﬁﬁtf%[Ibb.%ri'ﬂl'gtfuﬁh‘émtmﬁs%@%lr‘iggé cdiie
velocity sensor SR and it has a phase differefnce ~ ~e: 'Wwth respect *[o the
- X axis. BRHEB aKeamedcgHdBasrn sasbsidsK $aidgioshtentet hanionhe phase of the
fl ow tube, thi try i A reater nsitivity than the
prior art msté?sugggmlialsgé?{e%ﬁj%ﬁo%saigv@%%r ?chiglgg'%é’ﬁl\gi @‘Q‘QBr SR 'g‘?%p}ﬁi"?ﬁiﬁe 1.
Fi 26 e Sations ohsdiccndladeabat aneettondienkithanesi shirs 5L 668G shandspgpArode
frequency is Ifi h;lé( abogve  t he f'{,st_,albenqj.n node, dri ve frequency. Flow
tube 601 and ‘OVEtHEFRTLLS b’@haﬂdg‘%%éri’@e“% FOB@oSaF Bek¥ven out of phase
with each ot hgfutertdie dit fsShe Dol ez tid PPl dgl ML hemhel ng, Lo phase
in the Corioli s-secoér%? bﬁﬁ%g’%&@%”ﬁﬁf" (I:r;gﬁ‘?eség% tjhé”t‘\'ﬁod%é‘r‘c['% l5$S‘each
vel oci t ek tule radmeihbelaand besiin paidttracamesl each other in phase. In
Figure 8 the conpan ~of .Lhe . r.ight. ,vel aci sensor. SR op_the flow tube has
al ready cr oss"eg' z'e“r%%%c?{eg&l@ﬁ‘gsb 'h'saé]y%‘\%%hlE ﬁo\"ﬁ‘eg%ﬁ Sﬁéﬁf‘aa*'dl Rt
bal3nce bGlana bezady crossed zero (Il eadi ng phase) while the conponent of SR
on the bal ance,bar has not yet crossed zero (laggi ng phase). Wen these two
vel ocity vectof ¥ ikfeasprRds & ey tudbgon ”&:@ﬁb@tﬁwzgwf‘é@ €hgye halentebarhe
sensor glﬁ-@@ Hiput,-t.he phase lead and lag tend to cancel tY~ d d |lag
rend ~0“VJe Icgt tﬁ%ﬁécfhg' same holds true for left sensor S L. The resultis
a reduction in floweter other. The sane holds true for left sensor SL. The
result is a reduction in flowreter sensitivity. Figure 12 illustrated the
ector addition for a bal ance bar having its second 5 bendi ng node frequency
slightly above the first bendi ng node 1giri ve frequency. The velocity vector
1204 of the right sensor conponent on the flow tube is offset fromthe x
axis 1202 by the angle Q ~~~,~. The velocity vector 1203 of the right
sensor conponent on the bal ance bar is showm in the fourth quadrant and is
offset fromthe x axis by the angle ~ tai ~z,. The vector sumof flow tube
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bal ance bar negative phase added to the flow tube positive phase was enough
to reduce the phase (and sensitivity) in to the negative regi VWhat t hi
really means is that positive material floww |l result in ar}%ﬁ%?fleg‘%lﬁregdoa
flowin the negative direction. 15 This can be dealt with by changing the
sign on.the indicated flow rate, but there is . another reason why having
the bal ance bar sefiotiteendind 1f£:0988NEY Sk .above the drive frequency
i's Less thap _preferred. The ,conf%gﬂggti o%ﬁt?@%%é?'é%rioﬁs\%i gaflectonban anige
bar second géf‘?&cﬁgtarfdaéfufi‘ﬁééﬁ%ﬁ@ dféncﬁlm:'rog\(?bh@!@ﬁﬁé/@ef@&%néfe%ﬁncﬁaei s @l so
preferred tg/ith@ﬁf@?ﬁrig]i?wﬁeh?%@%o bal ance. In this configur at Cefzgce tar
Coriolis force on FrLows ibhes TCE%ne'ﬂfé”Béﬂé{H&éﬁGdemvﬁgg@@}qﬂcp@éggdﬁglgpngde
response of behealinyanes dpakt frERLEONY, D,Iei,—%é}{m%ifngcl e tube Coriolis -
f | ownret rs)‘.Ehe bal ance bar dynam cally bal ancess ey ferich sgigrfioasube it he
flow t ube ifPt4H&%%irst bending (drive) node only. The second bending node
of in the bal ancg,; Js..at__a nuch higher frequency than the Coriolis
defornatioanof t%‘e’gﬁ%@f?‘ﬁﬁfe’c@tﬁm ﬁ“’@c@t‘irfg‘Fe{taseh'éi.*‘dseiw@d‘rrﬁglé%ngyt rs
Ther ef ore, dffsaicBoandtbentdi na,ifHedes 500t £xLied in the bal ance bar
prior art singe tube Coroilis ???gv\cﬁe ’éps%fﬁfééf‘ggﬁ{}? th & Magitageiodpesodic
forces bei %orgﬁ‘ﬁéP%e‘éﬂ g8idi vibReitiggrflevbtudedyin mamsrirghaki ng occurs. The
shaki ng anplitude i I s.,a function of both flow rate and nounting
stiffness, can é’\afj%ﬁfew%alp%%#?sctt '? AH‘F‘I %ﬁéﬁéﬁﬂééﬁl’sIrtdiumrr@beénléwe@flé&tioﬁ phddiy ' n
di st adfe bbealspen Harecodhgrisg): ocity sensors and the vibration end nodes.
Since mounting stiffness is generally not known the sensitivity shift
cannot be predi Bt&&dSofcrciogbeingaCedolin likbedsBritions sn sk ltaﬁEnBJ t h pr‘ec?ent
i nvention QBEOWUP@J‘%‘%HQE{ioﬁ?ﬁQ{’d bendi r&g mode of the bal ance” A WV Sd ted:
by the Co(rgtir ol i's deflectron of “tHBIFHHNGGEE Dode of pibrasiventies aid0a2=\Wept he
bal ance bdrawrg @nck swevatt rig: giedey HREHENGY H the first bending node .
drive fre%'@%g%/' the two noc{jnéés Vi brgtje cu%Hezfegh%i%é’ %?’h’cﬁga%ﬁﬁdcﬂbhéw % the
i'nertial Vi ‘?'on forces of the bal ance bar's second bendi ng ode | argely
cancels t he shakgaf A tigs st b, riolis force on the flow tube as shown
.on Figure 7. ?ecti%g?cﬁaﬁg Bé?ﬁﬁggﬁ%’%mssaégcﬁaﬂ%{iqeoq?r%m&@utfofrphass vatcsaid
bendi ng mbdsiglig né aifi seid éblwefideoan @fhal, : t he vibration
anpl i tudep,g nti"ﬂ:§=bqarl ance, bar's second bendi n_h%n%%gm&é'gf%ag@@oé‘éoﬁ%éo the
Coriolis FOrte on 3 HETIG-CLBES (qrepeanseid Thratingriovi des Wiftems lﬁﬁ@f ee of
dynam c¢ bal ance over all f?owpé'egtcgiiﬁo]jmggtﬁea@ two enmbodi nents \ave beén
di scussed: that having the bafam ' D9&ndi ng node frequency
above the fi rs?hgéﬁ@uva@ndnnbe.(wu‘amagég@fqu@m@aqu@g@fmqn-pgnga‘oerred epbodi ment
whi cdo has e shalan e?%aF secon Rep{,d'bng_ mode frequency BelOW DHRE PEitet
bendi ng mode (dri vg%' reqﬁféﬁ?)@? dNEHPHAIVAIpER!SiInT esyriptionhagiang 1hkie ot WO
f r equencieenj@apiain. withitise deawpagsikleicand is the nost sensitive and gest
bal anced errbodr;L.rrent. .However, it has one major problem The floe tuba and
bal ance bar ard91¥ bdt R \ECiVetiagiam nbrprior estsitpaditeoComeR fohah, i S now
equal to the FHhaRCE dpato s p&agﬁg%ﬂﬂu de frequency}. The vibration
frequency of the first bendi ng node changeés with the density of the flow ng
mat eri al becatﬁ:i@lrteh%dfmweasxmib'ratr@fwwwbé.he fl ow tube changes with the
dengpty of the;flaow ng paterial. However, the frequency of the bal ance bar
second bendi n?%ﬁg g%égjasﬁ(?t“%ﬁ:&n S sY GRS fArRHRE toythi flolw fubeiod FtRRsisty 20
because it cofigiras dcfdsyl the TSP rody 3 8L hyation jn which the two
frequencies (grjve_and second %ﬂ%ﬁﬁ }mat Ehaf“(')% hé(;’ Ittspeoﬁ'lef:‘ﬁ‘d"t?e?-i al density.
For |ighter nhtS&F & <scicaes BaAtmmght fbge Gurtvindobendimg node frequency is
bel ow the firBizubengiar ok freguency and for heavier materials it
i s above_the first bgﬁgigr%gﬁ%éé%éd/fe%\r}égsﬁ}r%‘e‘q'uéﬁ Paracheristicght a mingarudk, t he
fl ow t udeCsit b mster efahetdesentibvatteut of phase 25 in the second
bergy ng- Cori at; e; f the heavy material they vibrate in phase in the
coc iohend %b@)égogﬁing 1%?1‘é?l°ﬁ§tf@%1ﬁ§,Feﬁmsﬁlwmtcﬁﬁh§ﬁ&@hteit—:-\.‘i&fwe
anpl i fi patsemt imaghtesy greatly material density the bal ance bar second
bendi ng nndef%requency isin the immediate vicinity of the drive frequency
(Figure 9). ThS¥eshi’fEnni2Erowneteciseasistdivhs Mn@@@u@ﬂ?ﬂ@‘?ﬁséﬁsq ,
el ect romecg}és\énlpﬁgﬁeq“pp frequency 30 However for high FT SRR SELEE | | ty
t he best design has the bal ance bar second bending node frequency far
enough bel ow the first bendi ng nodeh drive node frequency that at no
antici pated contained fluid density cam cause the frequency to 21 10
Decenber 2002 match. The best design also has the frequenci es cl ose enough
to excite the balance bar in its second bending node. Design Details The
precedi ng description has dealt with the desired relationship of the second
bendi ng node frequency of the bal ance bar to the first 5 bending node drive
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In order to get the frequency of the second bendi ng node bel ow the first
bendi ng node (drive) frequency, changes nust be nmade to the conventi onal

bal ance bar that both raise its first bending node (drive) frlé)da@ﬁﬁ‘}?e%lwz

| ower its second bendi ng node 20 frequency. increasing nass and | owering
spring-rate (stiffness) both sere to | ower frequency. To |ower the resonant
frequency of thEigBednhdcisergead HBOCeS ERAENHSENBREMEMaNS dehe icstetdndi ng
“node drive_fr hequi d.hat .apd stiffness of the bal ance
bar be modi ic%ﬂ:”fﬁﬁgé:ra grgblé %?Oe' ta'tg ptr%%%t@?/%"ﬁ@'re significance in one node
than the other. FlGhasgingisfiesanss: vl sep0ind dwndiry atdrosn-anmlihs vdeohas
tittle 25 affect. Likew se changing stiffness, k, in areas of |ow bending
noment hasCendicgéneds ettte felgue@sals! WL a5 HOWERHN - node shapes and

bendi noment di a ens. of . the finst..and. d. L nodes of bal ance
bar 1301. In or%’@f‘g% gas?g%‘ﬁ‘tén“s?f%\fﬁt)%%"?ﬁ‘ cfsﬁg'g éég%‘qbg%&i ng nmode wi t hout
softening k in fiaardd nstzhendi sigcimedanebataneezlresporke deoenteas:i:2002tHar
1301 stiffness can be reduced in these areas where its bending nonment is
near zero Gerieliseflgwmstefdridgwg hode and high in the second bendi ng node
Dashed lines i i i~af Figures_, : sh e 0. k. ocation be
1306 and 1308. fﬁ"@&é%?ﬁéfsfhée%ﬁ %#ﬁg%ﬂ%ﬁgﬁﬁﬁéﬁcﬁ%ﬁ‘?ﬁﬁ 't':'lcgggﬁeons
13G and 1%@35@;&%{/@,&%@ effect on the 5 frequency of the first bendi ng node
of Figure a 13 since the flowtube Is relatively, straight and has a | ow
bendi®y nonent figuiaset® 3%eag R rfksGlese e ¥ PradionBEAAGISHSHES OfTRGenceptual

| ouveri ng i : Wocations 13C6 and 1308 does net effect the
first benéli%gglﬁggéé@?lﬁ\l}g?lgfﬂ'rng%ﬁgncy. However, as shown en Figure 14,

| ocati ons 13C8 Rigdreb308, bavandh 2hi gibcleadiivgtiopakeohadzotsristies 4 amrdpdesisieng

mode. Thus, |oweri n%rpé,o,,t he sti‘ffn,ess or §pr,i ng rate of the bal ance bar at
i ts | ocat SHAGM 30ke LindioisdHgwresigr 8f e 868 MBVER-IRN- ng node frequency. The
first bending f Q) fanb \ ai A

ner easi ng 1 s T BeeieYed e B ARaR G Bt & 2P (T S B 1 en
in its fiflswietedohthepaaeeahihvehBore t he second bendi ng node has a bending
nonent near. 15 zero._ Lli.ne iili g Fi gx@}e 14 shows t.hiﬁ | ocation to. be -1307.
An i nspection fgLﬁPgﬁR%‘é?'%e%ﬁ C_irl?l' |V“(§'?a?t§$e‘f‘1_ QFV'Q_Q T’%Béetsleé‘ﬁmi’é@tﬂ”. an

bal ance bgp,h30 chAR a1 AibDendlsDEoIREBY baldhdetserf i r st bendi ng node of
Figure 13 and™a | ow bending nonment in its second bending node of Figure 14.
Thus, a bal ance bar that has an DetaidedBescriptiofess in area 1307 will have

a higher drive_{requency while |eavi.ng the _ nd,-bendi ng _nmode_freguency 20
of Flgure 14 aTAPTaET B AR E I Ol OB G S BL ST UCBEHAT G e SR egtency
Wi t hopespreh séksififlg if kingle feadiongrneeeehy thequenisin of B® anmes Haf t%ﬁ@érﬁﬁﬂﬁe@ar
1301 can be increased in those areas that hg%g hi gh .anplitude in the second
bi ndi ng nPRMMENET FBRE AW | tUdEIRR 1@ HETETTaRd BONUITHY InEaBS iR BeGs$SROCHR i ons
i and ii e 5113517 o Ak SQs s hiRas] NR§ S atnt ine i d
portion O?H%‘gls,g%%?g%&a}éﬁlétnﬂﬁ(gﬁfcgg ?éé?#g}%ggmtaﬁ% d&??/e' téggﬁeﬂr?ééy

wi t hout | prralticendn theflce dongl aridihwiherdgtortivr irriisyn pSese ehiftagorgahe flevwseen
on Figures 13 and 14 the vibration anplitude for the first bending node is
hi gh at | 5% i on 1307 while the vibration anpl i tudede for the second be;

di ngogrode i s Ipyuaé 155Qu8r @8sdriteur #nd i etsor ¢iagRh BYIHEONBraObniliveloeREs from
| ocation 130? of the 30 bal ance bar raisesthe drive frequency but does not
af fect t hef tedevgmptsidii figwrdde frequency. Figure 15 show an enbodi ment of

t hi s desi gn. al.., o bhbness, dishedused L eyl ng. ials
from porti onsBEgL1 gg%n "1"5%%0&%??52?”%@&2\@ : licrté '%Meri% élr%gz"l@%wfgé‘eg
Decenber &002erobgikovisekeorrits @0 1. This Coac!sefsrashes dmivien dth efiubnacg2 eahy
slighly while it lowers the second bending freguency consider ably.. Mass
1504 and HSESTIE HEED R D e B ARCL B TS ST b he T educed
sti figess 1 egi 0B idR08: aNeh-189% - hbS oonaizs ddie second bending mode
frequency further. Mass 1s renoved fromthe central portion 5 1506 of the
bal ance bar 1503 | eaving a void 1507. Figure 16 shows the resulting drive
node shapef aad) F{ gur ey 177 §hows the resul ting.Gori olLis; second bending node
shape for the flowreter Figure 15. Figure 18”shows afot her enbodi ment

of five invention using bellows 1808 and 1809 to reduce the bal ance bar
stiffness. The enbodi nent of Figure 18 is simlar to 10 that of Figure 15,
16 and 17 in t hat it has a center el enent 1800 conparable to el enent 1506
on Figure 15. The Figure 18 enbodi nent farther has a reduced mass area 1807
conparabl e to el enent 1507 on Figure 15. It also has added nasses 1504 and
1505 conparable to the added masses of Figure 15. Flexible bellow 1808 and
i 809 on Figure 18 have reduced stiffness conparable to el enents 1508 and
1509 on 15 Figure 15. These characteristics of the enbodi ment of Figure 18
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diference in the bal ance bar shapes between the drive node and second
bendi ng node except that in the drive node of Figure 20) the t bal an
bar beam ends 1511 are in phase and in the second bendi ng nodd FmﬁWSDi§n21
they are cut of phase with each other. Since the bar ends are not
connected, their phase relationship with 30 each ether nakes no difference
to their resonant frequencies. Thus the sgc ndi.ng (out of phase) nbde
Figure 21 has a frequency equal to the fi§§3ﬂg%&§#ﬁﬁy?in phase) node of
Fi gure 20. 2470lis TorqsetefMearo20Q2:Tdus 43:nal design feature needed to | ower
t he second bendi ng node frequency bel ow the drive frequency may be achieved
by altering fhe i ng if ss ok .the balance bar so that it has |ess
stiffness iHrfﬁeﬁgéédﬁéﬁgéﬁaﬁﬁgxnﬁﬁé t hanMizfitienkkgs st bendi ng node. The
essence of this design feature is that the balance bar is nmade extrenely
stiff (except for the two reduced stiffness zones 1508 and 1509 if Figure
22) so that cost of the flexing occurs in Q?ﬁﬁf bar. 102. The net stiffness
of bal ance bar 1503 then becones a funct iFon "G EReSH brat i on anpl i tude
rati o et wesnee fieid deepdar 1503 and flowy ubg. k504, 2Fag bal ance bar is nade
stiff In element 1511. This has the effect' of renmovi ng the effective spring
from bal ance bar 1503 and 10 concentrati fg tthe ispgthng i n brace bar 1502 so
that the spring is adjacent to the end nodes. Myving the nodal |ocation can
then have a significant effect on the effective spring rate of the bal ance
bar. In Fig Q—%;§i£2¥/tUbe 1501 and bal ance bar 1503 have equal drive node
Vi brati on [T tu ! éH@hréﬁZS/éhoe's t he sane bal ance bar drive node
vibration 15 anplitude in conjunction with a near zero flow tube vibration
anplitude. In both figures, brace bar 1502 has a stationary node plane 2201
bet ween flow tuba 1501 and bal ance bar 1503. Stationary node plane 2201 is
a zero vibréation plane and vibrates with neither the flow tube nor the
bal ance barf‘tn2ﬁugu(Q522x ﬁﬁgause of the equal vibration anplitudes,
stationary ﬁode pl ane 2201 is’l ocated approxi mately half way 20 between
fl ow tube 1501 and bal ance bar 1503. In Figure 23, flow tube 1501 has a
much | ouver vibration anplitude (and a | arger mass) and therefore, :
statHBnariynods pl ane 2201 in brace bar 1502 is |ocated very near flow tube
1501."~As £ as the dynam cs of the system are concerned, stationary node
pl ane 2201 marks the end of the bal ance bar 15G3 spring region in each
brace bar 1502. Thg shorter effective 25 spring of bal ance bar 1503 of
Figure 22 giives it a higher effective stieffness than the |onger effective
spring of Bal¥meeMbar 1503 of Figure 23.MWtrhasmisworitd he spring function
of bal ance bar 1503 residing in brace bars 1502, a higher flour '
t ube/ bal ance bar anplitude ratio resulys than a | ower anplitude ratio. Thus
designing the neter so that it has a higher flow 30 tube bal ance bar
anpl i tude Eatio ig the first bending (drive)nmode than in the Coriolis-
second benti‘ng e can_result in the Coriolis-second bandi ng node having a
| ower resonant & k@qdenéy that the first bending (drive) node. This is
expl ai ned Bel ow 25 10 Decenber 2002 The vibration anplitude ratio in the
drive node is determned by the mass and stiffnes of the two vibrating
menbers. |f flow tube 1501 and bal ance bar 1503 have equal resonant
f r equenciTe® Gaiudistbey ATiStnfd E(P-?J_'L Ul M+ D2 d fl owmreter) then the
fol | ow ng éel atignship‘is t]rdljgn:ﬁgﬁ% r 'iﬁ%’b&f,'%?8§~EFCT"EJS9A€%C6,P&WWQW of
conser vafPons 6112ieehitmsaordste a0d ha mashtimvbbatbtis ¢a8 shE SHoMM Haom L hese
t wo1sawsfiphatng he vibration anplitude ratio is the inverse 15&%%'fﬁg]%ass
rati o and alsg.that the mass ratio and stiffness ratio nust be equal: “1r _
ebb __Kb6 AbbFgUre BE€ho®e aevigttake)tubenobahansehar 1503, t o haye a | ower
vi bratiop, aapbifyde. than flour tube A gﬁe'gép%%pdbm“°a°%e”d301

nd' 382 bl IsTixe nnhanﬂahona!end5301and302.FﬂowtubeSOOisvkya

| o tad by
dnverDlntnefwstbsndhgrnodeathsresonanthequ

| ency, like a guitar string, while
material flows through it. As ths flow tuha passes threugh its straight (zero

ien! nt) cesiticn = it
20 displacement) pesiticn 303 downwards, it's left ha!f rotat

s clockwise while its richt
&:l 1l ralaaAlayagr i )
half rotates counterclockwise. The rotations dzcreasa as the tube's center is

14



. bal ance bar 'second bendi

1501, the bal ance bar needs to have a higher mass and stiffness than the
‘f1 ow tube, The drive frequency is raised above the Coriolis second bendi ng
node frequency in the follow ng manner. The vibration anpli t ufeDecgaibsr PN
the first bending 25 node between flow tube 1501 and bal ance bar 1503 is
made hi-gh. This is Bona by neking bal ance bar 1503 and its elenments 1511
heavy and ARAFaitpar B C6MAT0ACELBWIIBAAIS PHE memly tiressietest thee spacizl
*stationary , e 2201.dn. hrace bar 502 Ls sg.t.o bal ance bar 1503.
This makes Cjt?%gsgtg%r?%(j éé‘t’é'so&%égaoﬁjcte?"%a’r“@S‘ é“(?érglet %% 'grﬂa\r§=ﬁoﬁé§u$ﬁ A In
the Cori ol idissecamen @ Blisngomdes Flrpuevier Tre G aiplibtaedr inatd-@shs Jieversed.
t

-

30 The flow tube Corioli S deflection anplitude is | ow because it _is no
bei ng dri véR BE 3 espREALTT BRukiey bt AhE resiG ol B&e Popeceile THg Dhakante

oxci (08 by TRE GBI CITa BT el e TR TGS ES0 L Be ek TASa8t fhna

bendi ng noderg estbsahtdr equency. The fl ow tube/ bal ance 25 10 Decenber
2002 bar vibration anplitude ratio in the Coriolis second bending node is
thus |ow and redaPiNeriRaPRalisEmicanatyvesddemtaget - Dneich§ ¢f fxriredd fahawitaube
15C1. This (es, 1he, - . SRLINgs.relat] g(g |.ong .and the hal ance
R 5 0 e 2o T RS LB ATy S o st corereceric

bar spring Tar ow Tn rrol s secon

second bendingcpdded £ eqseneysctiohe & tBoNiohiicn sksosh @Jﬁ&.ﬂgt.‘f@@?aershar%he
| ow anplitude ratio is _sbown in Figure 24, Because the vibration anplitude
rati o'Ps hFgR 30 hie Caripie feorsaecaiite ERtITDeVRUbRESGR0| Th2 sesoihds Hetdhag

node, the l.anc I i jch: reside,i r bar, 1502) .are stiffen
in the dri@%gﬁ'ﬁh e ?ﬁ%g%&@é féo\t\ér.%sop{ S @égo%ﬁggﬁﬁ%gmﬁﬂ&’ew‘%hﬁ'@ee‘f"f‘.%lt@@
‘the secondmbgintimgpotadmd asaneuidl tubevwdbratbavesed tequeRCcYebhamoliiRsl bRt
10 bending drive node. !'n summary) there_are_four design features that
char act er i PEXfHEN ¥RIOsENES FRYERONITIGUTEi 4 s€Srotperiddisi fpferegecuss obdhearcsrdotiow
1503 is r haSedese Of s nkSi tral cLegion.,. 15 This lowers the
A Ao Sl e e R 0 B 201 P aS

- 1508 thd ¥o8asuirmh(daive) ficeki Oihe faamlemayef thd sinuseidiahgp pladagion B theSE6HBfs

t he mass (%f, bal a ceﬂ bar 1503 i s reduceg iB its central region 1500 and |
i ncr eased 'PHAfel® WY St R i © FaRe2T 403 E‘?P"’seppf'f%{e‘é’g'CPegi'%ﬁ@nﬁBE@f%iﬁﬁi :
1509. Thi saridigepatihey Sibk\seritf BEMAAGYd rho¥ek, 3 bar second
bendi ng node f?equency. Third, bal a%}(ge@{)égr 1%%3%{%“{?%3%@??@' inits beam
el ements 1511 $dow ke AOGIFeastingssprnsiytotha perigdior@oiioly &rcaeswstewocour s

bocons & T ST o G SR BIACT 1F SRPF ARy a1 aret EBe RECS 1l Boe

and tdte baésmesbad . thEOQLkbIis t fagcd edatthuetums paardsstbihnesges of f | syt ube
1501 and bal ?nge bar 1503.is sgch that the vibration anplitude ratio (flow
t ube/ bal aftSP'IREN)edN HisgHbe MACehENAAaPESHYAE SPRMS tha ShReedo? e tekesesnd
bendi ng madge,diniswald & s hAkRRRR RN 58 E0n e handbag ds (ho: hay
resonant 25 fre ug?lcy g]}e?u%?fe‘y Ie’ggpat ﬁ_i n qt_ﬁeq?%]?jglfa ggggf'ngm(tdrtb\gfe 'aerrgrdg |t
. may not bpoiméerszaiigw tubaetipl isyn Hat pessinpéoLgbsiegmaf b insest sahehfidpbirthe

sensitivi enhanc t,.of I Ql 1 ownet enbodyi n t he present

i nventi on‘.wme @goﬁf@gﬁégéégﬁﬁwf& %iﬁ}'@%ﬁ%ﬁéﬁ ‘GFOFﬁebsg‘dfrega hdgsshape.-
redugg t helobehaness %Ust%n@@@rﬁlﬂﬂ Trenttefge B (ths @Q@W&(eﬁ@ngﬁﬁl@ AUt he
drive frequency. 30 The precedi ng described enbodi nents of the invention
have the Tyl isgnycmpicdesitian GistiraaHss aniatwvhach fraaCparisisremobFigare Bési de
the flow Hais. has . L 0, o6l ard fothe inventive .
concepts.é#ﬁgdéﬂgﬁi“lb‘l'é's“pga@ Fe}g‘“lecgn ”éé {—'ﬁ;{“e" ' %fr’cte%/tﬁgﬂl“h EREI ARG ed
equal |y vig} Cotiolisistemybewsi baloghits tedenCoendhyatbosmetaiuanicl ths Careiis 10
Decenber 2002 g%gé_ermhri C (I“a'r;c_ea bé‘\[/ﬁ (ﬁiﬂgu,r. e, 25) @g_, well as to singes
curved t (B FAGRRTEHONEiTerE 28 1% HCESIRIntT PCr isaran cacuanghasaavith

pr ef 8p r ede RINAHE MEMbLitsod B0 §NPope 8E8 @801~ 4R M A cRNCeNt Fig balance
bar of Figure 25. Figure 25 and Figure 26, fp?-b% arriij%,g%h@a%eﬁ% cgsbg%g%ce
bar frontCIpRIEEETERDEEE B3 ihals €t VibveiabéirshbebdirgpencdFi guei25fbwi s

t he sinplgest. . a gg mpst . compact. enbodinent . The. sensitivity, enhancing bal ance
bar 2503 T 1CFe: ses§°istt'§cés)“éh”g' i'\r}T“f‘yefgg?h‘é'npg?ﬁfg’{Aﬁe? ENi S FEEM MR CarCTr i val

curved t UhiguGa®.i Dhisgs f;ﬂv@MﬁEhG*f%ureTc’HeE‘a@ﬂ‘b@diiTQﬁ'ﬁs Rk LFEOMES 25 Iriid fMolar to
that of Figures 22-24 except that the bal ance bar 2503 is concentrtic with

and surrounds flow tube 2501. Bal ance bar 2503
13 5



10 is connected at its ends by brace bars 2502 to fl ow tube 2501. The
center portion of the balance bar 2503 is |ight weight due to void 2507,
Sections 25C8 and 2509 are of reduced stiffness. Bal ance bar 253eemben2¢{ds
added mass el enents 2504 and 2505 corresponding to el enents 1504 and 1505
on Figures 22-24. This design of the enbodi nent of Figure 25 permts the
second bendidrgeriede cn-gauengy. of. l.ance..bar. 15 2503 to be slightly | ower
than the first bendi ng?m)de %d/r|'\e/e%afggdb‘éﬁcry“rﬁr?@“ﬁr%{??aékéﬂtﬂeéy sagrees. The
advant ages 1%’&%5|:rydtemmspad:ehwmtm@m@hopﬁcr.@ntne%E cELgures 22-24. . Figure
26 di scl O'Seﬁn ecrgolgdj nent which is simlar in nost respects to tiatoPergar e
25 except thatf Pow 4UBE D063 msa! Rlos sy 80BdiThg @oﬂ@f@@iéb@cpﬁleﬁpgg?@@rc-
2603 are notemtwigdrgite et nimshea . curved upwards from horizontal 'at”
portiong 26%5 and 20 2616 frﬁ%ﬁg\?\ﬂ?dcaﬁggh'éﬁ&é'ﬂr@ﬁ‘ggﬁb [FanUseshed lreys) nBkeirs he
transi tPon Proan&iegoledd Figura hirihaontadrzatnarea 1240817 .and 2618. The center
portion 200@ ofu brace bar 2a03 has a | ow mass aF?ath 7" e ofpr e ySafaney
and el ongat 89 USRS F8eErERM IO haHioh fladdiube @ £ b8y -3 J9Wa 03
spring rat et thlsameat sn2604iapgd 2605 .provide additional mass in the saie™
manner as do e:herrent _sn 25 &@ﬂ%%&gg IE"F%I ‘Eﬁ%ﬁ%ﬁ%ﬁ #d Cooklioh dEcgd vefl 2&ismd
in the san@lA@hAenzasnuo ahplimbts AbOrd HNelkol2i803 fd et he n‘bogi nent  of

Fi gure 22-24,. %b Ei(gupe 25 meter el ect rcgni &S gréﬁ%ﬂ’f’t‘sgﬁg DSt Prids deiaass
signal s vi & PAh! ¥X §~W18Mtiﬁ90nnﬁmoaﬂwamm@edaﬁees'omofho@m@éi'@&Fa@&hgg%ga
M to iobr aneaxihenf ihuH e 2500 «and jbal ance bar 2503 out of phase Wi ach
ot her at aﬂrea}%lréan'_t drive Lg'dojrrded’lﬁggﬁm‘/aw?‘ﬁccr’rtgf‘eﬁtafﬂlsﬁin‘(ﬂmhmvalbc&tyofthe
vibrating flPewubgbis, zery iasld sof erceife appli@PIts Rt st flay tube to
deflect itg.d&ht: han.ﬂ por%i on out of &Egs_e W th Fe@ﬁé% &g ﬁ%%‘i‘bé@“ﬁhﬁd
portion as'Ts WM khWm e aviRUsoiilsE ool gepmonEf [shekinons REGedst ected by
| eft sensoginGdoidan, rij 9ht, SQRROT i ls representing the riolis

defl ect i oggm&rﬂe,@gn%! [ edmgver 2§t %ﬁf0§&e€2?ﬁ%‘r€n§b@§ &h Supet B00arsd vittaked o
meter ele Ieg/ly2ip s iins tche miing enses behes s @8ah Sxil conventional
manneys t o geperats, QULpuL information pertaini ng tgﬂrﬁ%ﬁsbgﬁfé’dnﬁgﬁqvﬁl .
"This informatron. g 'é%pﬁ#‘i”eé@’ba'pdﬂ? alﬂl?'liuﬁﬁd’fh%a/Cbrioﬂimdiep!@aém@hpéhdi@fpght Y,
materi al fHigwesd andteis gRak @4b8q2Ree FFd L D, hest, sensor. SL and ri ght
sensor SR eactg 5 corgr'i se thg co??/ mélgnedtr %ﬁ”?’ vdht“héTHg‘UHﬁgﬁét@abWimgch
desi gnat edF W HAD 1B EAOMEHCE of the fifst bantingenpdoxi feiverbB&0pUdca0ka R fa0d SR
of each cekhéimagAgt=RAid: [he |ent_of Figure 26 is sim rarty =
assocj at ed Vc\jn th an e[éegzn?/g;rll_irédstﬁg?g%dé'}ﬁm?rﬁfif"c@ﬁgﬁ%)hecméw@&)ém tlee Getielis

el ect r oni EWC243000Théheabtidi Qembiioie!dThaubes 28 08inTA Af Ly, has _a driver D, a
Ieft2§ensg;ag§le,g%d a right sensor SR (all not fon?ﬁ’o%k’y% YRR AlF SRR Y-
Figure 26 sitice"the f |low tube vibrates in a plane transverse to the
presentation OfTh&pges dhay LS 4\ ~on| he left magnet M associ at ed
with sensgr, SL (not shown "‘Iar].d { %d\égﬁ]ﬁé"r‘%r?fhaéﬂéfl 'WPASEBRiImg et iaitharadiliver D
(not . shovid Y &P Y aerRRS Larpittnn fiastd emaigmoet ridd ams 06 kAl ek %Fﬁ&fsso%ragg,r- SR (not
shown) rrmb‘__xpg_,;_;-ségerpnqﬂgﬁag%ri C26. 15 It ff“s to be expressly undé eYdEhat

t he cl ai (rg;d i nvent i onSr's Rot °£8 e SEERitb&arieldt Yalec eseTioptIRRrafset hero

pr ef er r edigtigRrinephbefont Isfnesiapiassasopthen: adid Lokl ans, and al terations

Wi t ign t%%tngqlpg aansPi rit of ?ﬁe i nventive co‘{\%‘ggﬁ'f’&g@ ﬁ"l"“ﬁ'”@%@?ﬂ)éﬁ 2002
CLATMS: T "A'WS(REd ‘o7 UspBrats sthe tahtisenissr howmeterutharhag @Pﬁ\l,g}w. ube
(2501) ait¢aa e BoeeidIAEt {2003) QR . substantially parallél to sard
flow tube and further ha_vf’%g 'rtégégﬁﬁﬁﬂ@arus‘%B@iePf)%ed@ﬁilpfmsmgS$.ade19

bal ance BE\?S%@”'%?@DGGcm\vmanﬁséay)siabtbp@ﬁtd?@dtﬂﬁ@@ﬂo?h%&'h‘,—% @;gzgs.o . 5

f1 owi ng ggt,@rcl_.q,llc hkr,.,%)_ugh sai,d flow tube; vibrating sai d 1T BT iGE s

bal ance baf cut of ‘phase Wi ¢4 r BERCECRa) e ivhmeshéowimia drive mode having
a drive frequeneprsathsimrintiah iy adial 49, the rShant f frequency of said
matgsial (filled flour tube and sai d bal g%c"e' bar- I MAlE" RYigeR @ moteri ol i s
defTect | BIRP P s Hi%l Belasiaa Pag fTrewibakticrhanddeg 4@ s&ird B &L tglg%q%fé ron
peri odi sHegkk Ok hiStnd&f st t,:_l: qhs. heing characterized by regi ons of d ction
as wel | as nodes havifnﬁ“’q“non“aecf'f?éf:t?BT\:'rsé%ar'gé’tgéPF%d«’ifi PereRat: sRiste e hod
further PREldesNThe s Fise af : Thadued oo Sonhokicid kg defl ections in said

bal ance jbaf, gL sakd drive o heps shown
I #lgure 5 UszfulrUlz is that the mods rumk

W

ris eguaito the numbsr of nodas

-
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15 frequency in response to said Coriolis deflections of Said flow tube;
said Coriolis |ike deflections having the same number of nodes as said
periodic Coriolis deflections; said Coriolis |ike deflecti ons!Odgcembens02

i nduced node of vibration of said bal ance bar having a resonant frequency
sufficiently close to the frequency of said 20 periodic Coriolis

def | ect i ons/MioLs Fleg-cabe ifHenaPpNRS DerefesEt (haceidsol i §elserRendbas B6id Grishe n
sai d bal ancg_bar; ysaid. Corjof i ectlons, o id bal ance bar having
an anpl i tudgnbg(%ggf??@ﬁgﬁﬁ{'gj'tﬁ%é lﬁﬁgdn?%ﬂ%ggbf“ﬁe%%ﬁ% r%gr“?b%f‘s forces of
sai d vibrating fl-ogohwdeionat birghtebedlcidliowodbnatetscht vgidride neelcagi viyraés
said flow tube with respect to said velocity of said_bal ance bar;

gener at i ng i8ilGRAre RIS BRICGLPR S EiaRy 1ESFYmdOfePRistiyrces caara fiEndwbeube
and saigd velagci i.d..bal Al e i Nf: ti.on (.2
g@gg%ﬁ ﬂov??adstlgg‘xcqms Cf’oarful.sa}.r&ql.... I 1588 HQ.Q% g‘?.cr\gpulb(o P apd.a,

regardi%g OW ng e ral Tn'response 30 t0 sald géne on” of

signals. 3GalzAfe Decedbern2O024Dy tFhe: et dagland 504 at thelenther ebzrgabdr sDEP
of inducing said Coriolis |ike deflection includes the steps of inducing

sai d i nducethébald Unes &f FigLrad sy aflipedoradOifanshoelgogs bas §0 kerinencaoss

drive frequency.. 3..The pet. Hf elalml. w N sald,step of, inducin
said Cori oﬁ*rsag?éi'ﬁ(éaﬁ%?gég?}‘%ﬁfsb% ndfadid ‘%ﬁ“\émg gﬁ”ﬁ? %%%Wi‘ﬁ&”%éf‘g o0 ey
node Vi br atg@nsishaidetons egeandh bhlSRea 50 @arigurd BamrsalArdhi¥es show

frequency. The nethod of cfaim 1 wherein said step of i nducing said
Cori olfi0s | ithe figer tetes iapdsba'aprades atHeesrwWyast exgdt Gif 1heis airahion it e fisete

vi brations b%%‘“f{@ﬂﬁ%{éﬁi@%‘-t frequency substantially equal to said drive

frequency. claim1l1 wherein said step of inducing

vibrations in s#igufal angesbrr d(F83) distiobindase viteatidren velbcixt gademgad eyces
indicative of said periodic Coriolis deflections fromsaid flew tube
t hrough sat®e BPR@N YRG! SE HaisealaY dnke Gede'is HoVmAieeas stricewredln §igurrd.

through salt® 6Pacs _ ! . 7§13
e R G e e R R sl N

felnds QEf saiadeédiig\g/nhm,imtubew&meeemt@dsbaj td:)epmrglaédémliéimﬂ/adtcbrs1 Gﬁeérhcegié r:egﬂ ]EO
ex a first, end of. a brace har mans (,2502): and-5 exing.a seco end o
sai d br ace_aPS"éﬂqzn %@%ﬁ&ﬁ@rﬂ% Vﬁ%ﬂ‘:&yqu i!‘?(‘*? Héaﬂ'fe ERS ”ﬂtﬁgﬁeaﬁljp'ﬁ%ﬁl fffc@X'%ai d
Coriolis |ike sorld eetdQascd Bazs@'r@é aﬁéa@@ﬁmalé gﬁge%@fo&ﬂbnmr@s &H tﬁléerﬂo]w

wherein said step of inducing said Corioli's |i ections in said.
vi brat i ng hileantiee batanczsos) vaatel (1083 i shovet apsgdne realbrrds hg2 sadds eotilied i s

i ke deflegtions—in sajd bal 25 -8 1S58C .bendj Peﬁ@/ing
a resonant F/fef'eﬁuéh%y%dﬂﬁ%{h?afﬂﬁ?|”§9"retaé%|°9§ )gag%ll“g bd‘?ﬁ%@'%%‘“? +sg%gn\}£?ora
operappng Bas d phakareg|d@r, rrrovsitiy thalcoarytdd vetobyeldarchscinib ekl of the
Coriolis |jke deflecti ons In saj d bal ance bar at a second bendi ng node
resonant fH@YderR #Nebaance Bal ahete Hhat (Na NeFNeTBIaNSiRIBY g 8¢ BeNttFaRCE RE
vi brati onaj H ~ 1 oSakde ok oliis - detlecid-ons
. 5 18RI AR ¥hdde andlR P aRRe 2002, 9heSBLOC S hHHase ..‘ﬁ[éfe P
of said flow?tube at _sha{u d pgrgooﬂ c Coriolis deflection 10 réaquen y.&até". The
‘et hod of sgraitivity) faictbdo thoolaekiofiphgselsdifsobihedfalancaniséren congerttheal single
tube meters.
25 One embodiment of the present inventicn, as shown in Figure 7, orovidss a
balance barwheoss secendbendingmoda resonant frequencyis slightly below the first
tending mode drive frequency. The Ccriolis incuced deflection cf flow tube 601
excites the second bending mode in the baiance bar 602 by way cf brace bars 603
and 6C4. The amplituds of the balance bar 802 vitration in its second bending meca
30 is properticnal to the Ccriolis defiection amplituda of flow tube 601 and thus is
proportional to the material flew rate. The vitraticn amplitude of balance bar 602 in
its sscond bending mocs on Figurs 7 is also a function of the sepzaration bslwesn the

first bending mcdsz (crive) frequency and the tzlance bar szcend bendin:

W
3
Q
0
O

17 s



effective spring of said bal ance bar (2503) from said bal ance bar to said
brace bar neans (2502) to | ower a second bendi ng node resonant frequency of
sai d bal ance bar. 9. The nmethod of claim1 further conprisi ndot%e@lbéfpz
| owering the resonant frequency of said induced vibrations of said bal ance
bar by lowering the effective spring of said balance bar. 10. The nethod of
claim9 furt Epg%rrgri,sj ng hhe step of lowering the frequency of said
i.-nduced vi brati ons oft EAicH: BAP&REET B sq2peerining e der feyh sd.n, fo‘-.gtbr#lggﬁs,t
one. flexiblmamotsd t-anfit rgakd Q@%&n@vgfa together with the pr ovi'siorr of -
i ncreased nass 2504? on at | BastoiE Vot HERU P tloh Ssea'saidl bal tasasb Bakna!
11. T he net3Beitede el Aizmatrdawarhers o §érﬂ9n%ﬂ%§—le .of pr cviding a
voi d (2507) ;in_at, (qees'g ope portion of said balance ba IS {612l eREn ives 56 of
claim 1 whereiS $did refhad O seshidhérs vibpataindl @wesii:ngs to??"we%ﬁlo?anthr
frequengy ofn Es@iggsd%dbeﬁ%gg%i 'Qr..%H ons pfﬂzgi d bal ance bar Dby the“p 6% & on
of flexible portions (25087 gOQ) O SEEG O ha® &FEel Blaye et thiedfirat bengrgfmbkgh
bendi ng mnﬁ'f.'eb.‘ﬁewrctytﬁiidahgﬁaf@ﬁbeb@r@@é%%Hsjn@@é mde. 13. Th2 net hod
of claim1 q‘rﬁ Lher gﬁ}%cl sing the step cf r; ~ain a Ri9%G "eRenand emteyof
sai d vibrati hg*A*&2 e bE retiadd tsadn thafisnbenba £8823:+,8) ,zai d_brace
bar (2502).aridlt.he‘g@goﬂgﬁalgﬂgmgf cf%earicmnl?’ V. ~her.=in said step cf i FRE &I ng
conpri ses the provi ?*i on of St 1FC S EcE N gHdrqaETCy of hedmylants bar.dThay apeegdaar
(28v3) and rEPEseehisethaapliitati6A it Bof & iofs sal | apce bar not
ccr--pg sing a stilt, section. W 10 Dgg%r%ﬂs égbgn§§0?$a Rl HRODf As

vt S&e

Oyl i st ceetn oot a odghebe0 e fALr el
o 1 et a1 Ao B s ren hmion andg o
T OO LTS i fo0 O 8 A i

. . ! L. ¢ v =1 lef cn
3080, St 06 4,90 5001 G o o

of sall ceMtEr2FEritomiisanaxmut sethanato bethet086s Bk, th.t.he provision of 5
i ncreased dF?é%%Jge%% tgg of | s%i d c?nt er porti on?’“%é_‘c%hg%&eﬁg%ﬁ%tfhe@l aim
16 further igg:mu ng THE LAt Bs tee PEWRN¢IA§arniadativehoriass, tﬁé@%@ﬂébf%pf
sai d secornpduds Ag afbdenek bsaing: 1§ B=R&; 3)_. by the provision o
flexible @réh}it“gns Ugggo& '.25P%@@g?%é%%?@éﬁﬁé%a%a%%e FH&&F@(@hgr thagfthai gh
bendi ng no @P &P Mralf e Tlpantulzm@0 1.mes sutssed UBRES 46 2504 4 ﬂﬁeggrﬁg%r ed
| ocati ons eEnwd:rhé@ﬁbf‘{hé’é%%b?ﬂﬂ{@@%m itude in éal_d, second bendin €919,
The gﬁt hoﬁb@};fﬁgl r<:;1i m 1 2Vherei n' saicd €575'6F e ¢ Plelisfigwraetarang st cshuigdné n
. & i C . . . . . . .
Sai d 1 ow e ,’;gc%‘diéé“’f"é?f‘?fﬁ%'”}‘fd&”fﬁi?‘é"?”ﬂi‘%{éﬁs% PRY %L B soirsy
adapted to r ecRi Ve A ﬁ‘ér)e’rr’f%ﬁcnf:yold’ﬁ?'eréUﬁBIC@ﬁdéIODaIthEQ QEQBén%iﬁa@iBt@gli%hﬂy
for ceupl ?"d"‘ye;??aglﬂ’ihci&bﬁﬁ‘%’Léar?%bf‘ff S 528 5REegi fnd fo flecuenmtar
further c’B%% PTGty fgsaﬁhameoneeah@heu)'mép:me\@marsifnwnﬁ@ée(#,-sfJ,gwé%gg%ﬂpﬂ
bal ance bed rzubned M [ es t. to each other at a drive'T avi ng
a frequency sﬁbgt argltgibgf%m&é%ﬁa{?gw‘ﬁﬁ'ﬁ@%’?%g‘g‘rﬁrﬁbsﬁﬁéq@@Bdgtpm‘sesa:h@lan‘ati@ri el
filldd f1%W-Q.uba 2nd sai d bal ance bar ; characterized in that sald nethod
further incl ue’ﬂ?: Jperiadic Coriolis deflections being Induced In said
vibrating flow Jfbe-sf&rh%?/Pﬁjné%@béf Aet@rd béndihgmah V’fbﬂ@islae\‘?ﬂ?h:%rpe%??@ said
periodi ctiophadd o tH8dRRYE 0BS- LY el AL L el éggenb s en the rel ‘%15"1' it
. ' e reigtion P CT s
secend bending mods resonant frequency to tha first bending moda (

as sk o drive) frequency
srownin Figure 10. Reamemberthatitis not the drive mods that EXCites t

. sthe second
3 ardimA N th oA~ + :
0 bending in the balznce bar, but rather the Coriolis czflection of the flow tuba which
. i~ wolud2 WIS
occurs at the drive frequency. If the balance bar ss ] t
end n gsonan

frequency is highsrthan the first b nding mede (driv

then the balance bar sscend moda v
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deflection as well as nodes having no deflection; neans (2021 for inducing
Coriolis like deflections in said bale,”,ce bar wwth said Coriolis life
defl ections having the same nunber of nodes as said periodic 1P5Dessmbey 202
defl ections; said Corielis |ike deflections define an induced node of

vi brat.i on of said bal ance bar havi ng a resonant frequency soft sufficiently
cl ose to ¥R@IER agFeady of FigaralBpeat hediadater bal & ot Mecki o anoyiinbetase

the anplitude of said Corjolis Pike deflegctions in said balance bar; 20
said Cori 6¢lr§°'l’rk"e?%“eﬂ“ép’tr F&@?'Bf‘ﬁséﬁa” pﬁr%n‘cé"? bAF 267 AnpinG (R
proporti oRerat=e dlhes rrast LuderefiRefiredb s darigltisnfoy s8sy0R nSBLd: V¥ brati ng
flow tuba with material flow neans (SL, SR) for detecting the vel oci ty of
sai d floor tubéVign Werkaspeea beossaind besidog Ty defs eal of frssande: tharflov26:reans

(SL, SR I, ratlng siagnal s representing said iodic Coriolis )

Gof | eBt] o B Sa et PSR PURESihd: 5 et ol <l gﬁ%“d‘é"‘l'?_@dﬁ" S of- 8aiy
bal ance bayg trand AR (2ea)HiRrndenb ¥ NG drat ol di Ts%gﬁF Sy akioteriy
response to said generation of said signals. 21. The Coriolis Fownret ar of
cl ai m 20 lgeelibe fiowdlbe meapain{ Dhh¢ signei drtpttiaigashisenbat aotmgeahz itdutesesai d

Coriolis |ike deflections in said. balance bar with said induced nmode of

vi brat i onreré\fieﬁgb%ﬁgemanfn?sr‘-’ec?geh&f/%l‘@g%aqt"ﬂ%'n Red aé}aﬁevé?fﬁfsedﬂe%ﬂf. agyp.
The Cori ofibgrichrenet @inah b ati 9B rafdherpiifLSabAtHPaRS AR 1 d isaeghing
sai d bal ance .bear [ ndlhces sid Cor%%olaids I‘irn%el defl ecti g%s rI(CE t':sar;)%IO éraghg bar
wi t h1@ai dbémding stbdeoi@eddnuy the walboitiss e paae sbfycantbs gregtieireyeasehber

t han said, dr.ive fr ency. .23. The Coriolis flo er of claim20 wherein
said moard 18/ U BT EN Rreag P mar ana et [T W AvGe Saaterayr Ton €5t e
def | ecti dnsa langsiicee 0 iarRevrhafer wehbitigial.d i nduced node of vibration haring
a resonant fre%uency substantially equal to said drive frequency. 34 10
Decermber 2002 D veCiRe d@dreal fof 4 ICanieds dioveneler Aiavi itwhaiasiae bai ssomaths

o . y ) ; ‘ _ ndicat bye of said
beri odi o T MR dG R ol TR S RSER AR B SR BBe Py dugn
sai dshr ateviran Figars 18, tTheaizkidal encepieaenishhbnduc eerritg GafddHdrs drike

deflections in said bal ance bar, 25. The Coriolis flowreter of claim20
wher ei n YECPTRARS Y BYIST bI0Y RRRIGFAGISSWRITEE N YYi @ MPReE Mt actades iThssai d

bal ance Q%ﬂ?rﬁdeeé(a?%emg @Emé ﬁéé%yh&w D54 9@@9@%&% 29 1%4%4,%@%
Coriolis deflections t [ex a first end of sali ace Bar; and f'I'éxes a
second et ofcmsdhel pbrazshliaditube ef pondewttobs aiedidrl iehlidnig leds sandhd fHasset end

to induce,said Coriolis, 1ike deflections-in said balance bar, 26. Th
Cori of | 5 FTbRAerer (67 BIZ% 20 FUHEL oo 1ol HE REHS (2866y S38%, SBs07)
f or chowerd fige {&RoF €S@NBRESE HAAUERBNLEE) 6ab 8lznpd ued JdRstel @f3 ¥idriah 1B Of
sai d bal ance bar to a val ue approximate that of staid drive frequency.
The Cori SEFEIIIBHr NeCr 1305¢ERISRERE iRdicsiCh RIdisioNa &hth & \wlodiwaanisng SR,
conpri se > S 30 5) J:A rediong I i.brational . anpli.tude
in said %S?jﬂgﬁ%sg%ﬁﬁsgﬁf%g(qg‘?gﬁ% "{a{ﬂ\d'r“c' ﬁg?t;%stgé ’H%gl §"écregtbftchr‘f§°g§§65,
2508) of ssabcr PRlisgeratbathaatthbqtaiseaishotiohitgbs bendigsemeayente of ts akde
Coriolis |ike, deflections. %%3 The Coriolis flowreter of claim25 wherein
sai d dri #e9TF5HE SCoRPMIE L TTe Paer BEBR YRGS ROAEIREP KNGS Yrctel dapritded
nodgs of ¥hBAlh fTheE 1Sai d bal ance bar conprises a second bendi ng node. 29.
The Coriolis flowreter of claim28 wherein said neans for |owering further
conprises a rfigude 8ahoss Foemicodin2B00)crands falaadd bargenoss-¢28® r208) en
frequency is slightly above the first bending mcds drive frequancy. Flowttb2 601 and
balance bar 602 are driven out of phase with each other in the first bending meds,
resulting in them being in phase in the Ccriclis-second tending mods. This causss

30

~

he two parts of each velocity sensor, (the magrst and cail), to cancel ezch ctherin

phass. inFigura 8 the ccmponent of the right velocity sensor SR on tha flow !the has
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already cressed zzro {I2ading phase) while the component of SR cnthe balance b
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each side of said rigid center portion. 30. The Coriolis floweter of claim
29 wherein said neans for lowering further conprises fl Xi ble portions
(25L3, G-n~) of Said bal ance bar at |ocations on either side @rDesmper 22y
center portion, ,. _ | 0 Decenber 2002 31. The Coriolis floweter of claim
30 further including wherein Said neans for | owering further conprises a
voi d (2607) g9thsake: ceht portien for raising said drive frequency. 32.
The Coriolis fl og\tmet er @r:) E%I'%rrr%cg@=\7\/r’?é‘t‘f'é1%nt?'§eﬁr@5f3l"é@@' Bre Ipprdndap cArdId 58S
bel | ows (1808)erl30e)sard8 hobsarEofdrpht §ohdQWTRt £ ?I ,9{ aim 27 father
conprising feans (2508, 2509) for reducing the €& T V& @stuchien officvaind:er
bal ance bar SE6°'Féfuce t he frequency of said induced node of vibration of
sai d bal ance barg; 1 Lorlolis flowreter of claim20 further conprising
means ( 52508b250_9, 'ggg%zt?hg‘s%%"%'o%*ﬁcw EEcentor & bagncheafi e ,'ybesgas,i,cgg
of sai dvat Pewsngared frequdndyeiiand, sakds b e.bar in said brace bar. 35.
The Coriolis flowreter of clai m'34/\/\/ner‘?alﬁ‘ra;'J @%?aeﬁ@aﬁ@fﬁ%ﬁ CEembrequanatyi ngha
conpri ses st1 ¥ YniERer e Q12 righoeyrent csaiptriaat ancies hay, 20d d Lexi F' e
nember s (25@@(5325@% 19D RAGH Eeor.ti on sai d bal ance bar ot cdmpt "8Mhea
stiff menber. 36. The ’Cori ol PS {1 owmet B1° SFICOIAI YAGOr fGEGheN (0N kRS
means ( 25080MEBIDRN! 250Hs baABP%e 52505 br b0k iNBLALRI DY Lhe_end node of at
| east one | qw tube and balance bar i n séwvgftrcgttg Odrq raANdrgeficerfrahitae
f I ovvnet er *dFcPh MW Onprd-siThg \@thwhacltﬂ@hk%é@é&&%‘éo&ﬁ%{" tube (b2"501
) and18 subsé@ptbe kb Ak s ﬁﬁsl'ance bar (2503). 38. The Belpace bar
f1 ownret er metgr of ¢l ai m 207 cofpr 'SP RESa! Feaheabaxis 2602 by th@gh@ggﬁﬁg%%/ed
portion (203mpe saen dhbakapicesderveR60Doshayi ved portion (Z26f 17).
39. The 005518}15:$bf | owneter of claim 20 whe?“é?’ﬁ” gjaﬁcﬁc;éqcﬁﬁ'ﬁg%ﬂmﬂwr@m The
vi brat i ons-conpr 88 PRUVE BRRFR asisiedi taghadttay wb&ipbsiit.ibéﬂpiaiagg Wt‘l‘a'réno'r'xi%hotg 10
Decenber 2@ddcdthe dhess inGhAl: wherei.n the step of induci sai d
Coriolis Iike defl &tiﬂ%@%@?@’ﬁﬁ&#&% nﬁgta%'}’%éﬁlﬁés\ hat ttsepaipf meRehdci ng
sal e Cori d? If3lR%REIVaeTRtectel How with rebdltbears aidicdBgyRssTRde of vibrations .
havi i i i UehEyIeaatve firact
g a rﬁ\;ﬁ@%‘?.tbef{@- ,ugqcé proxinate said drive frequen V! ; ECiRgt hod
of claim 1 whérein ' MR pYNaeRE iRysisai ah ter inoldassd ke def lbﬁfmﬁ%gﬁl n
sai d bal amoetHzrreddt WEHERaLAS t ool ing Coriolis Iike deflectrohs in
sai d bal ance bar with sg_i d 'ér?%??’saqfﬁI?gﬁgé#?'ﬂ%‘??%ggér@ﬂuanqgsughuy atoeed
mode of vit SFYSle@eeray id l4ad wacepretarrdtavi ng a resonant frequency | ower
than the frequepg 5 ich saidf]owtube is vibrated; said Coriolis
i ke def | ect i ons %8?%@'83@”8{ i ﬂ%@j Wi YNC S 2ibeanicelbias sdedhediis nfqesal d
f1 ow t ubefre@iee texs bglan treemphivd BURIPIORA Q88 ot & the. rr;jjﬂg.nitude of periodic
Corig?i S 4‘5[%’5\%; gnpsai d vi brating flow tube wt TETY 4 mAreve flavemeteite
Coriolis T1ownet S GFCEVIGUIRIDM RS eiiaiisdaice mefmﬁ@s@ﬂgé‘r%g'galg%%&’ws
def | ect i ahaisecsad 8eRain b | 5esy, reans (2502) for 1nhducln
Cori ol is Like deflecti gggsfﬁ%s%‘?cog‘%ﬁ@ﬁ%é’aﬁaﬁﬁeﬁ%m I8 sbavamtional sisglbitkes
def ect i ok PSPl IRivAE &rs,ithel beéxhomler OfnavhiBERE hoR | d_bal ance 5 bar
havi ng aflbgﬁgggﬂ% HJF‘%P%%' | gwer th?i\ t he f’i equggéﬁ/ﬁg’%' FHIERCE o thaw
tube is vibrated; sal peiggi( "Y?k@oééfolnéctT"@msetmncsbérﬁbihé‘l’r%@%eof fhPei ng
out of phakaceittdn isat d rEosH Bldhe 4 lueﬁgsif% of, <;ai.(g. fl ow tUbe and having an
an‘péjjtud&bgrqr‘)gprhti onal to the nagnitude o peri A iscRipenationfaftbefoan sai d
vi be~aci ng T10UT" PUBES @t the Aevefisguentiow Therefors, the secong bending made is
nat excited in tha balancs £ i e o -
In ihe balance bar of prior art single tube Coriolis ficwmetars. This rasults
unbalanced as in Figure 6 and flowmeter

The shaking amplituds, which is a function of bo

in the Ccriolis forces being haki
shaxing cccurs.

th flow rae and meunting stiff €SS
can cause a shift in ﬂO‘v'v’lnlEt":f SEHSI.ti"v’l.fV be;ause cfa snift in Cistance bet nth
. / i wanl2 Belwesn the
30 chOCIty Sg 3 and i it ion [ 2 ncer o i
e §ENsors and the viorat { ; i
i ion end 0c2s, S ce mou .t.'ng stiffness is gensrally
not ki 1ewn, the SE‘.’.SHEVHY shift cannot be ;:redi"-‘-“d Qerco ngensatad -
: e i S5312d,

+ Al s - | .
In the Coriolis flowmatsr of tha present invention, tha b

’. alance bar szcond
bending mods of the balancs b

aris excited by the Coriolis dsflections of
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Whera:"
15 K = spring rate
M = mass
In order to get the frequency of the second bending mocde bslow the first bendin
mode (drive) frequency, changes must be made to the conventional balance bar thagt;
bothraise its first bending mode (drive) frequency and lowerits second ben di;g mode
20 frequency. Increasing mass and lowering spring rate (stifiness) beth serve to lewer
requency. To lower the resonant frequency of the second bending moda so that is
lowerthan the first bending mode drive frequency requires that tha mass and stiffnas
of the balancs bar bs modified in areas where they have mors sicn.’ﬁc=nc-’=“in ovnes
) mode than the other. Changing the mass in arsas of low vibration a;nclitude has l"“l'c
25  effect. Likewise changing stifinzss, k, in areas of low bending moment.has little efr':;tv
Figures 13 and 14 show tha meda shapes and bending moment diagr=m; o“
the first and sscond Eencing modss of balance bar 1301, In order to sciten (lcv'm)l
kK in the seccnd cending mods without sefiening k in the first Sending mod-: bala;;

22
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106k 109 () oy 10968 () 3t 100 ()20 1086 {13 AEATOERGLSING, 11
f FOA0%Y&! f, FoLQ2 % ‘e 14 locations 1305
Lo o 100 .%be &ra%a% “E(d( )/e %%}&@b(é&y %\%@?EE%B&WQ on Figure 14, locaticns 13C8
"10% () - %M&o@ﬁ*ﬁﬁ@d—ﬂh@hlt@hdnmﬁmmezmm §9°0BGIETBlRn (odes /Minus, lowsring

101" i, AhE(SHIMEES of Pt Expsi 3 LS8 () Lo v 90 o 130BTenRtsTh:
RO i R it SO (10w e O o 0
T 10% ul&' ()- F- 10Be u&s( peneiaeemodssfrefuancy of bnlanlce b%r 1301 can be raised by
10% U2 ()" 1E- 403 U8, 1 MANAMANGE S5, 10 EI0HVE 0 Lo JOME LU
10!. " 10% %ﬁ&lﬂ@ﬂé@%@%ﬁém D% bk d behding 1O HES (3 b&ANY UBofnt h¥ar
15  zero. Lineiiiof Figure 14 shows this location to be 1307. An inspection of Figures 13
and 14 indicates that at location 1307, balance bar 1301 has a high bending moment
in its first bending mede of Figure 13 and alow bendingmomentin its second bending
mode of Figure 14. Thus, a balance bar that has an increased stifiness in area 1307
will have a higher drive frequency while leaving the second bending mode frequency

20 of Figure'1'4 unaffected.

To further lower the second bending mode frequency with raspect to the first
bending mode frequency, the mass of balance bar 1301 can be increased in thoss
areas that have high amplitude in the second bending mode and low amplituce in ths
first bending mede. This is locaticns i and ii en Figures 13-17. Also, decreasing the

25  mass at the line iii portion of balance bar 1301 on Figuras 13-17 raises the drive
frequency without impacting the second bending mods frequancy. Since, as can bs
seen on Figures 13 and 14, the vibration amglitude for the first bending mode is high
at locaticn 1307 while the vibration amplitude ferthe second bending mede is low, as
shown on Figure 14. Thus, removing som2 of tha mass from location 1307 of the

30 balance bar raises the crive frequency but dees not affect tha sscond bending mode
frequency.

Figure 15 show an embadiment of this dzsign. Balance bar 1303 stiiiness is

reduced by remcving material from porticns 1508 and 1509 cn eithersice ¢f its center
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eCeFeCelel ?gﬁﬁosfé L%(g@fhg)ba a%gg%a(r)sifﬁr%gs{sq%ég{m%o%iment of Figure 18 is similar to
10 that of Figures 15, 16 and 17 in that it has a center element 1806 comparable to
element 1506 on Figure 15. The Figure 18 embodiment further has a reduced mass
area 1807 comparable to element 1507 on Figure 15. It also has addad masses 1504
and 1505 comparéble to the added masses of Figure 15. Flexible beliows 1808 and
1809 on Figure 18 have reduced stifiness comparabla to elements 1508 and 1509 on g
15 Figure 15. These characteristics cf the embodiment of Figure 18 serve to raise the
drive frequency and lower the frequency of the second bending mode in the same
manner as is the casa for the embodiment of Figure 15.
These designfeatures dsscribed for Figures 15-18 canatbsst bringthe second
bending mode frequency of balance bar 1503 down to the first tending mode (drive).
20  frequency. This canbeillustrated by assuming thatthe central saction of the balance
bar 1503 has no mass and.the reduced stifiness areas of the balance bar have no
stifiness. In this most exireme case, the central section of the balance bar can bs
completely neglected and balance bar 1503 behaves like two independant cantilever
beams 1511(Figure 19). The first bending (drive) mode shape then looks like Figure
25 20 and the Coriolis-seceond bending mods shape looks like Figure 21, There is no
difference in the balance bar shapes bzstween the drive moda and secend bending
mode except that in the drive mods of Figurs 20, the two balance bar beam ends
1511 arein phase and in the second bending mode of Figure 21theyara cutofphasa
with each other. Since the bar ends are not connsctzd, thair Fhase relationshio with
30 each other makes no differance to their resonant frequencies. Thus the secend
bending (out of phasz) mods of Figurs 21 has a frequency equal to the firs® tending

(in phase) meds cf Figure 20,

ny
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F2| " 1098B& fpdes. Moving the nodal location can then have a significant effact on the effective
| spring rate cf the balance bar.

In Figure 22 flow tube 1501 and balance bar 1503 have equal drive mode

vibration amplitudes. Figure 23 shows the same balance bar drive mode vibration

15 . amplitude in conjunction with a near zero flow tube vibration.'amplitude. In both

figures, brace bar 1502 has a stationary node plane 2201 between flow tubs 1501 and

balance bar 1503. Stationary node plane 2201 is a zero vibration p."ane andvibrates

with neither the flow tube nor the balance bar. In Figure 22, bacause of the equal

vibraticn amplitudes, staticnary node plane 2201 is located aprroximately half way

20 betwzen flow tLbe 1501 and balance bar 1503. In Figure 23, flow tube 1501 has a

much lower vibraticn amplitude (and a larger mass) and thersfore, staticnary node

plane 2201 in brace bar 1502 is located very near flow tube 1501. As far as the

dyharﬁics 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 shorer 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 mest of the spring

function of balance bar 1503 residing in brace bars 1502, a higher flow tuke/balance

bar amplituds ratio resuits in a shorier and stiffer effective balance bar spring region

than a lewer amplitude ratic. Thus designing the meter so that it has a hi gher flow

30 tube/balance baramplitude ratioin the first bending (drive) mode than in the Coriolis-

second bending mede can resultin the Coriolis-second bending mode having a lower

resonant frequency than the first bending (crive) made. This is expizinad balow.
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Also, the law of consarvation of momentum holds:
MV,=M b5 Voo

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

of the mass ratio and also that the mass ratio and stiffness ratio must be equal:

Therefore, for balance bar 1503 to have a lower vibration ahplitude 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 Ceriolis seccnd bending mode
frequency in the following manner. The vibration amplitude ratio in the first bending
mode between flow tube 1501 and balance bar 1503 is made high. This is done by
making balance bar 1503 ard its elements 151 1 heavy and stiif comparzd to flow tube
1501. The resultis that the stationary node plane 2201 in brace bar 1502 is clese to
belance bar 1503. This makesthe spring rata of balance bar 1503 (in the drive mode)
high. Inthe Coriolis szcond bending mods, however, the amplitude ratio is reversad.
Tha flow tube Coriolis deflection amplitude is low becausz it is not being driven at its
resonant frequency by the Ceriolis farce. The balancs bar amplituda in the secend
bencingmodeis highbecauseitis being excitad by tha Coriclis deflection of flow tube
1501 at ornearits secend bending moda resonant frequency. The flow tuba/baiance

e

25
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w0~ &10&%Iis(gécl\énd bending mods, the balance bar springs (which reside in brace bar
1502) are stiffer in the drive moca than in the Coriolis second tencing mede. 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 featurss that characterize the present
invention. First, the stiffness of balance bar 1503 is reduced on both sides of jts
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 ceniral regicn 15086 and

- increased immediately outside of the reduced stiffness regions 1508 and 1508, This

raises the drive frequency and locwers 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 beceme a functicn of the vibration amplituds ratio

betweenthe flow tube and the balance bar. Fourth, the relative mass and stiffnesses

of flowtube 1501 and balance bar 1503 is such that the vibration amplitude ratio (flow

tube/balance bar) is higher in the drive meda than in the Coriolis-second tending

mode. This allows the balance bar szcond bending mode to have a resonant

25  frequency slightly less than the first bending (driva) mode. It may nct be necessary

to empley all of thess dasign fzatures to effect the sensitivity enhancement of a

Cericlis flowmeter embodying the present invention, Itis only necessary to employ

enough cof these features to reduce the balance tar 1303 sz2cend bending mode
frequency to be below the drive fraquency.

30 The preceding described embocimants of the inventicn have the ferm of a

single straight tube with a parallel bajance bar beside the flow tube. This has been

H ! -t 1 Sy~ - 4
principles and design {2ztures of

(D

done only fer clarity cf the inventive concepts. Th

the invention apply equally well to a single straight tube Coriolis flowmeter with a
P S ;
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v Tube can beszen. Figure 25
is the simplest and most cempact embediment. The sensitivity enhancing balance bar
2503 increases its sensitivity to the point where its accuracy can rival curvad tube
Coriclis flowmeters.

The embodiment of Figure 25 is similar to tha* of Figures 22-24 except that the
balance bar 2503 is concentric with and surrounds flow tube 2501. Balance bar2503
is connected at its ends by brace tars 2502 to flow tuba 2501, The center portion of
the balance bar 2503 is light weight due to veid 2507, Sections 2508 and 2509 are
of reduced stiffness. Balance bar 2503 also has added mass elements 2504 and
2505 corresponding to elements 1504 and 1505 on Figures 22-24. This design cf the
embodiment of Figure 25 permits the sscond bendingmods frequency of balance bar
2503 to be slightly lower than the first bending moda (crive) frequency and provides
the sams advantages formerly described for the'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, ara curved upwards from horizontal at portions 2615 and
2616 from which they extend upward until they make the transition from vertical to a
horizental at areas 2617 and 2618. The center portion 2806 of brace bar 2603 has
a low mass area 2807 comgrising a veid and elongated elements 2608 and 2609
which édditionally have a low spring rate. Elements 2504 and 2605 provide additional
mass in the same mannsr as do elements 2504 and 2505 of the embodiment of
Figure 25 and in the same manner as do elements 1504 and 1505 in the embodiment
of Figure 22-24.

On Figure 25, metar elactronics element 2420 appiies crives signals via path
2423 to criver D which coopsrates with an adjacent magnet Mo vibrate the flew tube
2501 and balance bar 2503 out cf phass with each other at a resonant drive
frequency. With matarial {low in the vibrating flow tubs, Corialis forces are zpplied to
the flow tube to deflect its Izft-hand pertion out of chass with respect toits right-hand
porticn as is well known in ant. These Coriclis daflections ara datactad by left sensor

Sl andrightsenscrSR. Signels representing the Coriclis cefizctions are applied over

23
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10 tflow rate, etc.” On Figure 23, driver D, .e t s~nso. SL and r.grg(;é:gcgj S(R 180a%3& (
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)Z/ é?t}mﬁp(l?:ipaf% (llégco. .a@nv?%/alr%voﬂﬁﬁﬁ‘e acnets ging da lgwa‘—_«d M and attached to

the flow tube proximate the coil SL, D, and SR of each coil/magnet pair.

The emtodiment of Figure 28 is similarly associated with an elecironics
element (not shown) cemparable to meter electronics 2420. The embodiment of
Figure 26 similarly has a driver D, a left sensor SL and a right sensor SR (all not

10 shown) in the view of Figure 26 sinca 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 senscr SR (not shown) may ke seen on

| Figure 286. |

15 It is to be expressly understood fhat the claimed invention is net to be limited

- to the descriptibn of the preferred embédiment but encompasses other modifications

and alterations within the scope and spirit of the invantive concept.
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1. A method of crerating a Coriolis flowmater having a flow tubs (2501)
and a balance bar (2503) crientad substant: ially paraiiel to said flow tube and further
having trace bar means (2502) fer coupling said balance bar to said flow tube; said
method comprising the steps of:

5 flowing material through said flow tube;
vibrating said flow tube and balance bar cut of phase with respect to
each other in a drive moda having a drive frequency substantially equal to the
resonant frequency of said material filled flow tube and said balance bar:
inducing periodic Coriolis daflections in said vibrating flow tubs having

10 said material flow;
said periodic Coriolis deflections being characterized by regions of

deflection as well as nodes having no deflection; -
characterized in that said method further includes the steps of:
inducing Coriolis like deflections in said balance bar at said drive
15 frequency in response to said Coriolis deflections of said flow tube;
said Coriolis like deflections having the same number cfnodes as said
periodic Coriolis deflections;
said Coriclis lika deflections dafine an induced mode of vibration of said
balance bar having a resonant frequency sufficizntly close to the frequency of said
20 periodic Coriolis dsflections to increase the amplitude of said Coriolis like deflections

in said balance bar;
said Coriolis like deflections of said balance bar having an amplitude

proportionalto the magnituda of periodic Coriolis forcas of said vibrating flowtuba with
material flow;
25 detecting the velocity of said flcw tube with réspect to said velocity of
said balance bar;
genzrating signals (SL, SA) rzpresenting said velocity of said flow tube
and said velocity of said balance bar and

deriving information (252 20) regarding said flowing materialin response

Pdors

30 to said gensraticn of szid signzls.

30
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deflections includes tha step of inducing szid induced mode vibrations Faving a

rescnant frequency greater than said drive frequency.

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

resonant frequency substantially equal to said drive frequency.

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

. lnduce szid Coriolis like dcﬂcctlons in said balance bar.

8. The method of claim 1 wherein said steps of vibrating said balance bar

(2503) includes the steps of:
~ flexing ends of said flow tube in response to said periodic Coriolis

deflections to flex a first end of a brace bar means (2502); and
5 flexing a second end of said brace barin response to said flexing of said

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

7. The method of claim 1 wherein said step of inducing said Coriclis like
def'ect'r*ns In said vibrating balance bar (2503) includss the steps of:

inducing said Coriclis like deflections in said balancs bar (2503) at a

second bending moda having a resonant frequency substantially €quzl to said drive

frequency; and
Cperating said balance bar as mechanical amplifier by inducing said

m

Coriolis lixe deflecticns in said balance bar at a second bending mode resonant

frequency of said balance bar at an amplituce greatar than the vibraticnal amplitucs

31
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9. 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 further comprising the step of lowering the
frequency of said induced vibrations of said balance bar (2503) by the provision of at

least one.flexible portion of said balance bar together with the provision of increased

mass (2504) on at least one other pértion of said balance bar.

11. The method of claim 10 further comprising the stap of previding a void

(2507) in at least one portion of said balance bar.

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

bending moment of said balance bar in said additional mode.

13. Themsthodoiclaim 1 further cemprising tha step of maintainingthe end
nodes of said vibrating flew tube (2501) and said balance bar (2503} in said brace bar

(2502).

14.  Themethod cf claim 13 whersin said step of maintaining comprises the
provision of stiff szctions (2511, 2508) of said balance bar(2508) and flexible sections

(2508, 2508) of said halance bar rot comzrising a stiff ssction.
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secend bending mode cf said balance bar.

17. Tre method of claim 16 further comprising the step of iowering the
rescnant frequency of said second bending mode of szid balance bar by the provisicn
of a center portion (2508) cf said balance bar and a flexible portion (2508, 2509) on
each side of said center portion of said balance bar together with the provision of

5 increased mass on each side of said center portion.

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

. resonant frequency of said second bending mods of said balance bar (2503.) by the
provision of flexible portions (2508, 2505) of said balance bar at locations of high
bending moment of said balance bar and increased mass (2504, 2505) at locations

5  of high vibrational amplitude in said second bending mode.

19. The methed of claim 1 wherein szid Cariolis like deflections induced in

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

20. A Coriclis flowmeter having a flow tube (2501) adaptsd to rsceive a
material flow, a balance bar (2503) oriented substantizlly parallel to said flow tube and
a brace bar (2502) means for coupling said balance barto said flow tube: said Coriolis

flowmeter further comprising:

5 crive means (D) for vibrating said flow tubs and balance barout of phase
with respect to each other at a crive mods having a frequency substantially equal to
the rescnant frequency of said material filled flow tube and said balance bar:

characterized in that said msthed further includss:

pericdic Coriclis ceflections being induced in said vibrating fiow tuba

10 having said meatzrial flow;
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said Ccriclis like deflections define an induced mode of vibration of said
balance bar having a resonant frequency sufficiently close to said 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 amplituds

proportional to the magnituds of periodic Ccriolis forces on said vibrating flow tube

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

to said velocity of said balance bar; .
25 means (SL, SR) forgenerating signals representing saidperiodic Ceriolis
deflections of said flow tube and said Coriolis like daflections of said balance bar; and

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

generation of said signals.

21. The Coriolis flowmeter of claim 20 wherein said means (D) for vibrating
said balance bar induces said Coriolis I'ke deflections in said balance bar with said

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

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

induced mods of vibration having a resonant frequency Greater than said drive

freguency.

23.  The Coriclis flowmeter of claim 20 wherein said means (D) for vibrating
said balance bar induces szaid Coriolis like deflections in sajd Lalance bar with said
induced mode of vibration havi ving a resonant freguency substant ially equalto said

criva frequency.
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said Coriolis like daflections in said balance bar.

25.  The Coriclis flowmster of claim 20 wherein szid means (D) forinducing
said Coriolis like deflections in said balance bar fiexes ends of said flow tube in
response to said pericdic Coriolis ceflections to fiex 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 cf claim 20 further comprising means (2508,
2509, 2507) for lowering the resonant frequency of said induced mode of vibration of

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

27.  The Coriolis flowmeter of claim 28 wherein said means for lo'wer.‘ng
comprises added mass (2504, 2505) in regicns cf high vibrational amplitude in said
Coriolis like deflections and comprises flexible portions (2505, 2508) of szid balance

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

28.  The Ccriolis flowmster of claim 26 wherein said drive mode comprises

a first bending mode and wherein said induced mode of vibration of said balance bar

comprises a second bending mede.

29.  The Coriolis flowmeter of claim 28 wherein said means for lowering

further compriszs a rigid center portion (2508) and an addsd mass (2504, 2305) on

eachn side of said rigid center portion.

30. The Coriolis flowmeter of claim 29 wherain szaid mzans for lowering
g

r
further comprises flexible portions (25083, 2509) of said balance bar at locatens cn

either side of said rigid cantar portion,

)
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82.  The Coriolis ficwmeter cf claim 29 whersin said fiexible pcriicn

comprises bellows (1808, 1303).

33.  The Coriclis flowmeter of c'aim 27 further comprising means (2508,
2508) for reducing the effective spring of said balance bar to reduce the frequency

of said induced mede of vibration of said balance bar.

34, The_Coriolis flowmeter of claim 20 further comprising means (2508,
25009, 2504, 2505, 2507) for concenirating the sffective spring of said at least one flow

tube and said balance bar in said brace bar.

35.  TheCoriolis flowmater of claim 34 wherein said means forconcentrating
comprises stiff members (2511, 2506) on said balance bar and flexible members
(2508, 2509) on each pertion of said balance bar not comprising a stiff member.

36.  The Coriolis flowmeter of claim 20 further comprising means (2508,
2508, 2504, 2505, 2507) for maintaining the end node of at least one flow tube and

balance bar in said brace bar.

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

flow tube (2501) and a substantially straight balance bar (2503).

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

a curved portion (2615) znd a balance bar (2603) having a curved pention (2611).

39.  The Coriolis flewmster of c'zim 20 whersin said induced moda of

vibration comprises ths sscond banding mods of said balance bar,

(93]
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deflections of said flow tube and having an amplitude proporticnal to the magnitude

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

42.  The Coriolis flowmeter of claim 20 wherein said means for inducing
" Coriolis deflection in said balance bar comprises: _
o means (2502) for inducing Coriclis like deflections in said balance bar
with said Coriolis like deflections defining an induced mode of vibration of said balance
5 bar havmg a resonant frequ=ncy lcwer than the frequency at which said flow tube is
vxbrated
said Coriolis like deflections in said balance bar baing out of phase with
said Coriolis deflections of said flow tube and having an amplitude propcrtional to the
magnitude of periodic Coriolis forces on said vibrating ﬂow'tube with material flow.



