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WO 00/ 02020 *159159* PCT/ US99/ 11774 Met hod and Apparatus for a Sensitivity
Enhanci ng ‘Bal ance Bar Field of the wﬁml on This invention relates to a

single tube Coriolis flowneter and mmwmmt to 5 a nethod and
apparatus for a Coriolis flowreter nce bar that enhances the

sensi tivit wodookdae flowreter to nateri attssfsPow. Probl em Siargisestietie
Coriolis floweters are desirabl e because they eli m' nate the expense and

the plugging probl mg&de}j%éﬁ Iggﬁi,?luﬁ Hr%m"&g hlathBapo“ olis 10

flowreters. Single ownet er s | sa vant age in that
their flow sensitivity has been | ower than that of dual tube Coriolis
fiowreters. The flow sensitivity ggidle lnfv idg\0 reasons. The first is
that for the sane flowrate, a single ownet er nmust have a | arger

di aneter flow tubd hfsdnve;\tignvelntesmw alrml@tubvmoslolien@nmeter and infragiculas, Bendi ng

and |ess gesloé’{?\g{h‘é? ahﬂ Gpélﬂaﬂls'féri ﬁ&éflomtéﬁgﬁﬂg %ﬁﬁﬁg@b?ﬁﬁat'%ﬂgaﬁ&sdo

with the detal . Mass OWI’E_B.teIS rm ne n traditional
dual tube Corthelsessitivity\afithedlowmatertomaterialfiows are vi brated out of phase

wi th each other. The dual flow tubes ag@o_%nﬁ count er bal ance to each ot her
to create a dynam cally bal anced structU Vel ocity sensors are | ocated
at two | ocations Sengbmgunm@owwlwmetgra 8res desjableh begause ttheje eljrainatei the

bet ween t he fJ? ‘éln&é*Qﬁ&th egq’.ngegra \d o fws%fn&@g%&.fawdfwaultes@t;sﬁonequal

di st ances ups am and om the tu dpoints. Each velocity
sensor cdsi sﬂWthS n&gglettuw@pd@llsdlwaim have & dlaamentagei irgthabiheirflgwt ened

to the other mﬁvﬁf#]ﬁée'b\ésnmélo aRthht6r &%%I'tul?]e VI rattlﬂﬁnet?ragn?ﬁé?lo@v' el d

pr oduces a VO?? age S| nusol d not 1 on w t ubes
produces a si sensivittais lowerfaywol ieasensh Eherfirstis that &t theysarpe fiewigteng sivgle|

flow the 25 mb%m@mu&t%et 'd?;métxr E&nwesfoarag.m W&ﬁe Wrhfy each

other. Wth materi al he vi atln es are distorted by the
Coriolis forcmakesit ﬁéfemnqngmw@Ilesawemnswatss%or@l@mge@ di hﬁﬁéﬁ%ﬁ'dﬁa%t ween

the two S;%nsor.aé/elcroauﬁﬁheﬂa&umﬁowkmae&ﬁow fate RId¥iéimineaNal to this phase
difference. It 1s inportant to note that both flow tubes are distorted

equal |y (for an eddXrdiipoaldughtuge Gariglip floypetarse therflow jubes,areryirated out ofye
phase 30 shi fPh@s% withCodh e 2Thé BUAINORAUNES ULt hOS BbiREbalahbetoHaEh bBRPS ENSOT

magnet vel oci has the sanme phase as the upstreamcojl vel OCIE and both
have the s aneclpﬁtgsaedyggmlcauy balanced structure. Velocity sensors are located attwo catlons
along the flow tubes to sense the relative velocity between the flow tubes. The
20 velocity sensors are usually located equal distances upstream and downstream from
the tubes’ midpoints. Each velocity sensor consists of a magnet fastened to one flow
tube and a coil fastened to the other. The relative motion of the coil through the
‘magnetic field produces a voltage. The sinusoidal motion of the vibrating flow tubes
e produces a sinusoidal voltage in each sensor. When there is no material flow, the
25 voltages from the two velocity sensors are in phase with each other. With material
flow, the vibrating tubes are distorted by the Coriolis force of the moving material to
cause a phase differsnce between the two sensor voltages. The mass flow rate is
proportional to this phase difference. It is important to note that both flow tubes are
distorted equally (for an equal division of flow) and each flow tube has the same phase
30 . shift as the other at corresponding locations. The upstream sensor magnet velocity
has the same phase as the upstream coil velocity and both have the same phase as
the voltage generated by the magnet-coil sensor pair. The downstream sensor has
a different phase than the upstream.

ERMANAAAR

*G00002*




the vol tage generated by the magnet-coil sensor pair. The downstream sensor
has a different phase than the upstream 1 *@0002* WO 00/ 02020

PCT/ US99/ 11774 I n single tube flowreters, the vibrating flow tube is

count er bal aYRew2P a bal ance bar rather than another fl REWYRYIT | ocity
sensor magnets (or coils) are mounted to the balance bar as though it were

t he second fl ow tube descri bed above, However, since material does not
flow through the U8 MR typey flowrpetgese shen wibrating dlowettbe is cawnyterbalanod dyfeor ce

or signifi canbalhes Basatter tidrf %Jtﬁ&”ﬂowTﬂBeVQ)eﬁfc V\f %ﬁ@&?’?iﬁigﬁ?ﬁe@?@oﬁsg re_

relative velocity between the phase € non-
shifted bal afto&niggto thﬁﬂ,ﬁ'&m%\n&f apleoughit waredhe seqsad flowitehs cuesesbemtatmeh

vel ocity senswawbﬁncdrﬁ%ﬁél%bérﬂothwa&dt’hlé b&ﬁﬁ&&sa%n ds’mh ﬁ&n@e“g' €
and anplitude. The.rel ative  vel OCIrtl.%/qq (and vol ta out of eac oclty

sensor) c&n bBMYEPUANSTRIER obsioniicnhBhaseshift withitpw; e "@c‘{eﬂ%ﬁ'tVém&QrssSGWﬁ&\Gf | ow

tube vel oci t yrelﬁwtaqrekfm b%tv&&é%stﬂesﬁﬂafsé sﬂ"@dtﬂbv»"rﬁffb%rérﬂs‘ tHel QK- phaEQesrdeance
bar velocity gector a%B%\ﬁ ul|%hasgesh| ft. Adding these vectors gives the
I

net phase shi PalaDgebars R&nd brigpse Raryvelestes atrash M@PCIWQ@"MWQG and

out put vol t agﬁapréﬁ‘en@a«:ﬂsy Vb Viattcie A&dhg Iphaé@dH&lGCthyarhﬂﬁudB) NTRE 3&invehi Tt ed
bal ance bar. }y?aqcﬁg!ﬁ)hase Shlf reducti on equates to a reduction in the

fl ow sensiti vY tpge,Qithof Vf@cwnﬁ@ambwtermmdmmdmg the two

sensi ti vitoy dvaoén@ vb&ersZEFh@fI&hm vl ity vébftoﬁﬂH% aQ?r{a%B%ﬁlftQﬁfe to a”g&vw' E h
| anet er

t he reduction bn slen5|t|V|emé due t the lpﬁ ’ﬁ 2*’@ ow tu
results in a CBRBRIARTE RaryRREhLYectasfas geroipha %ﬂ’“ S@ MPRIPTE OivRathe
accuracy and netphess mmbwtmmattwmo@tfy sehdtd! Thé h&t@hﬁéméﬁd Suth Vo REe
appl i cations. 8fSol tvego 20 The a ove an&eot her probl ens are solved and an

advance in th c't\étﬁ?ﬁsé’{?@de YeadRy é":?@rﬁhaF‘PﬁB'ﬁ?‘ij 8alange beeofimnele wit h

which a net hoﬂham(:hhﬁpmuatdn$quﬁté@ tda&éﬂlﬂitn@nﬁmb\% f@Wéé?lEitﬁlt)f SIANEBEWhete?.
provi ded at _.en fies flowreter

aV| anc ances [
et s it BFa BB A o BetdsaBho Y e th inecibi PRARPLINIT SHHNeBa3088 Paras i
prior art 5| ng;brebmedmmﬁmlredlucmrﬁ InmtlmﬁueHMeleé\*(ﬁﬁgIBPﬂow@bé’ﬂia\"rfé'ﬂerom of
25 phase with reﬁﬁoect to w.t ube | bendi ng node. The drive

frequency is "typi caf Icﬁr’}bﬁ‘gg fL?gV e S?’Fé‘&%ﬁ%w%ﬁs B%ﬂrﬁp?'hg‘eb%ﬁcafﬁ% 34 and
the material éorhmextial hooeptdancbef singlehebd flovahetorstoi suméragisticafiorgach. |1 n prior
art single tube Coriolis flowreters t hgolutlon
20 The above and other problems are solved and an advance in the art is
achieved by the present invention in accordance with which a method and apparatus
for a single tube Coriolis flowmeter is provided having a balance bar that enhances
and amplifies flowmeter sensitivity to material flow. Both in the present invention as
well as in prior art single tube Coriolis flowmeters, the balance bar is driven out of
25  phase with respect to the flow tube in the first bending mode. The drive frequency is
typically the resonant frequency of both the balance bar and the material filled flow
tube in the first bending mode of each. In prior art single tube Coriolis flowmeters the
balance bar lacks significant response to the Coriolis forces and Coriolis deflections
of the flow tube. In the present invention sensitivity enhancement is achieved by
30  designing the balance bar so that it responds to the Coriolis forces on the flow tube
by bending, in its second bending mode, out of phase with respect to the flow tube
defiections caused by the applied Coriolis forces.



bal ance bar | acks significant response to the Coriolis forces and Coriolis
deflections of the flowtube. In the present invention sensitivity
enhancenent is achieved by 30 designing the balance bar so that it responds
to the Corwoldomzeorces on the flow tube by bending, in PCEUS¥GTE bendi ng
node,” out of phase with respect to the flow tube deflections caused by the
applied Coriolis forces. 2 WD 00/ 02020 PCT/US99/ 11774 Wth material flow,
the vibrating fl oWithunetedefflox: the Vibratieg on tubet deflblte inpEbossk to@hs applie

for . Th ' | ti 1 bst anti.al l t '

ool 1 tude e nerorcls Yosbe, TRE Rl Mebfiens N 38w o B BBy bt "

frequency of arhplitudesthan thalCdriolid defleétiome/sinab eheytaird at thé resEidrit tletygeriy ol et i ons
dri t : t f t fl

Cube for -t he TAeTEEEAN 08NS RECorbIerBSRAR Ao BB il breterupn ™"

appl i ed b§ t HbeFesonanifraauencyi ofitha tow tubeffbrothe Dokelisdeflebitonsrace sHapeqmtiecy as

the dri ' " Lol d ' defl ecti f the fl
Lube. " hoveveroa1oL8 dares afe SBE b7 uledh6iiny TEH 15 hn SohgPhe At hersemeecond
?endi ng rmclig fressiencynas me_suiyerv:;byatiwhsi TbeiCaviofis tdoee ihducg\adod;fbb@meof the flowt ;16
requenc a\.ibgt t; i [ e driyve frequency).
Thug, be%:lauseta{)?'u'ga drV :égl'%' gm osiaté*ebe?%p% #@dé e%{) 8§ b%%'a%é'hoc‘% ft‘?e g%??ﬁ\%d
from ][ he _rezI dreadingfmasiguesanantirequencinefdie flawtibe ig mbeh Bigbmhh?hatﬁieqlgéncyt Ee
Cor I S4pN i 4 F 0] V. mal.l er. t han
the drivad" xagpielipt ot heforfh b ey iREuBid, o s, pEUTHe e el |
defl ecti on i rfoxcads aprliedat aéeduensyfardemored fremftheresbrdrd fieguewtytof jis athdees t he
15 ph del ' ' s . t
ot or a1 1| ownePg e SSedridbehifiol feflidole BARSRH oeRb RS Ty bS LORERRME G |
and the sensimuchi smakigr than the drixer inducesi @irst bending mide) sleflextions.eThalsnidliow i s

| ow. The bal ; : ' ' ' cte t its ends to
Lhe 1 ow ¢ uneooue Befidttion A S6B boh e Bt b MBS s Sihel bropladesier o ces
of the fNBw tRitgse delay@twesn theltwaveloody sensor pignals imrdsporsectosmataeiabiidvance

bar, like th i ' el B nc
mich hi gher THaRor HeRRAecp i bafl WBfa<a Y18 o 2t PR BEMIRCY
defl ections G Straight tuhe mefges tameaterisd flowdslow. and occur at a frequency far

removed from the WabaaRAcHBAr &q&&BF&sBmﬁmﬁioh ‘?sséﬁ?ﬁ@%teﬁ %?ﬂé’@ﬂ{s\/mthé‘ﬂo\fvm ces
way of the ul't in no

transmtted to the bal ance bar by \ i brace bars res
si gni fi cant 24beR:means efbrage bare whichdraasmi i vibrationil fartes ofdhe How tuhe thar .

Thus, whpbe itRe Balafte BHr! In g 8 Tatd!S tHd EMaddaBar RS tHe'tholvifbd, RAPRESSoRE t e
Coriolis forces, the balance bar has
bending mode resonant frequency much higher than the first bending or drive mode.
Since the Coriolis deflections of the flow tube are very small and occur at a frequency
tar removed from the balance bar second bending resonant frequency, the forces
transmitted to the balance bar by way of the brace bars result in no significant
25  excitation of the second bending mode of the balance bar. Thus, while in prior art
meters the flow tube has little response to the Coriolis forces, the balance bar has
none.
The method and apparatus of the present invention involves shifting the
frequency order of the various mode shapes of the balance bar. This can be
30  confusing. The vibration modes are defined according to their shapes, not their
frequency order. A useful rule is that the mode number is equal to the number of
nodes minus one. The first mode has two nodes (at tﬁe ends). The second has three

(at the ends and in the center). The third bending mode has four nodes, etc.
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none. The method and apparatus of the present invention involves shifting
the frequency order of the various node shapes of the balance bar. This’
can be 30 confusing. The vibration nodes are defined according to their
shapes, notWoI98#02020 f r equency order. A useful rule is that PCHESIHIHES nunber
Is equal to the nunber of nodes minus one. The first node has two nodes
(at the ends). The second has three (at the ends and in the center). The
third bendi ng nmodelnaegordaaee wihdae metfiod @metugoememaemwmﬂwmd n

accordance W tsBedritmo®s erﬁrfﬂaq@&?ﬁ’ dﬂﬂésbagncé Egr i& Ifo%f‘éyso tﬁ%leftrﬁ J:l?%é tPtt

second node bendi ng frequency bal ance
close to the f'f%tPg'ﬁdmmpﬁédwed@qeemw@f bat thecflowtube aind thehbaldnes bao vl heube

and the bal anggst Bahding hﬁwe{}ﬂnbﬂé \A}h%q'ldQQarbgrvibYﬁﬁ %B}qg ift BofhARe lfl@\?/%t?

vibration amplitude in b ow tub ance bar
excite the baPAfdre Ba'P"?*hbi"héa'hséec%eﬂ%m@dbaignqeow in e aeaosddfenting mode

difference in bg@éifsefdﬂmffel’eﬁcé imna‘aaé §ﬁad&§n@t]fm fﬁ.ﬂ%n&lﬁg nﬂfu‘e tﬁ&hsﬁect&hape
of the bal ance bar i s such at t

di spl acenent Q 'P%?%Y? f\'ﬁé’\é‘H ?Hésﬁﬁdﬁatﬁ%@%mﬁ@pﬁ@mcsm&merrent
with the maxi mnne m&n I8RYtA LRI tAE GHES hAg .r@PeatsIh@ dispidcBinent ith ﬁ% rﬁsﬁ%%

bendi ng node the ends and 10 center have no Spl acenent maxi mum

di spl acenent s 58@5?’?‘9%'9“&!‘"@5&&"‘9 Rentep i 'ﬁeaﬁeﬁ@f)d l@@mi"tgrmeée theaendsr ancengt h
poi nts. Horevesntek Hiveho@ispliceidnt vt UM oi nt
so that one- hal?eof tehe bgl aﬁce tb Ebml ow ?’S@gi ﬁ s@écu?ﬁ}@a?gﬂ&ﬁiheo

di spl acenent QRA¢ puane{andihrae aaner ispgth paigts: i Neweyrs ﬁl%mﬂhe displacement t of

the differ encehangeMmesE@n@\Spmm $cimhat Bhe-h&f Bf‘?ne‘ﬁfamn% ipgPp d}fﬂomgbé y n{ia%t ‘he

bendi ng node ISFH% eJJ 't rglgergrw;% Into one ha ance

second bendi nBOHBELSRECH I éwe oherhalfdias segative chﬁpla@ﬁmegy Thetrestilt othe
other hal f of tHei‘c&fférahmﬁendmrshaiﬁb@rsQﬁ&rvmub%\Vl@ﬂatlor%fftﬁ@hrs't BeﬁJ?ﬁH Bg&ssecond
bendi ng first bendi ng e even

t hough t%?eéi‘ﬁﬁﬁ%"%ﬁ%ﬁ’e‘ﬁ@%&’ h@v%e ?‘g? Itagfé“th?ﬁ%%@rbiea#ms w@m idstaking of

the flow tubeahagud hmosamf eab@peuaa mé\@thsetwuﬂthe%lab@a@hmn@é#erdtﬂe h&at the
di spl acenent tRW tub o posite sign qn either | de of the

h
fl ow t ube cen?{g?ctt P?itt 818 Neixcitad byovibration inghg 1"5WQ’G!§¥Q i s
able to exci mdbb%mﬁmgldtﬂmabcbmtfféqi&n@festrﬁ@w&@d@e bar via the forces

bendi ng mode reson i COTIBGRRRINSY toe Bow sk e, same Taae a61tB soeeet ne
drive fré§uenkgndingreoesioitha thexdispddcement of the flow tube has an opposite sign on either
side of the flow tube center point. Thus the Coriolis deflection of the flow tube is able
to excite the second bending mode of the balance bar via the forces transmitted
through the brace bars. In the present invention the second bending mode resonant
frequency of the balance bar is made close to the drive frequency. The excitation of
25 the balance bar second bending mode by the Coriolis deflection of the flow tube
becomes sufficient to cause significant phase delay in the balance bar at the velocity
sensor locations. This phase delay between the balance bar locations adds to the
phase delay between the corresponding flow tube locations and enhances the
sensitivity of the meter to flow.

30 In accordance with a first embodiment of the invention, the second bending
mode resonant frequency of the balance bar is below the drive frequency of the flow
tube and the balance bar. It is well known that when a mechanical oscillator's

resonant frequency is below the exciting frequency, the oscillator moves out of phase
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25 the bal ance bar second bendi ng node by the Coriolis deflection of the

fl ow tube’ becones sufficient to cause significant phase delay in the

bal ance bar at the velocity sensor |ocations. This phase del ay between the
bal ance bawddeghe ons adds to the phase del ay between tPETASIYBEPONdi Nng

fl ow-tube | ocati ons and enhances the sensitivity of the neter to flow. 30

In accordance with a first enbodi nent of the invention, the second bendi ng

node r esonant td the gueitingy displatdmeriialAaacesuitathe aldrnebdar absuntbs & deffectionthacy of

the fl t ub e . ' . hat. when a necghani cal
osgi |1 g\tNor' g %r@ggﬁéﬁ?s%%@%n%g@"% "{Jotelﬂcéévdpﬁ%ét'gﬁc%ﬁ\tyﬁ%go*’rt'é%eﬁﬁ?,us?E s
osci | | at or nobelancabarsfexgtatisesclriiGooily E20aDb&TINdIB68d is ther@oralis Hbfsctizns t i ng
di spl t. he .bal def | ion that i
out of phase. 5 1 Mek3ake, e BRBR sRIRAE WBARARR B ERE TR RBd Mot ause
t he bal arfce Uefledtion inctesise @n e Grddisfforce iohthe downabeiendares. NTksei cut bhe
Coriolis defl o : h , . :
bal ance bar' s Pisasongbetdl hodbisafiond ol P BRa P U Bpsinlf
force on the flvelacitysanspreaupledds theflowdubeand bdlanqezes éo geranatd oblputsignalsrode
defl ecti ; : ) itVy. sensor
coupl od to t ng! itSasedphesy8ag Nonknnd B8y RADETEAL: o ot 8 ool
i ncreased phafiewntetesss (sensitivity) conpared to that of prior art single
tube Corigi fl : i ndi
flrjeguen::;/mo:‘st he ba anggaﬁaﬁpﬁ‘gpgﬁv‘y"‘aﬁ%@&'ﬁgP‘&ggf’%gﬁﬂﬁ’ﬁg’%gé’gg‘é‘ﬁ‘?Q%é’(??"g@ a
physi cal re-déw diveofrequencpds achieveshby ahattysicehod-dekign af thedbalimdebbar that of
it d ' , i S . h tral ti f th
bai ance bar whcLleR §agedBan d b FiER¥ 5 bitEbh. abE B bora iy it el e
i npact on t hepswonntithpdatiinng bar whjck tetgs toTtaiserthe drivefremincharbild havingditilerpact
the 15 | : t 2ndl has
ttle anpl i PRt S e aelid borditbiiton ifneec 8ol ARl Fesd dode
near the 1fel ogetopd bending madesfreanencyvbipeausecther secohd beadimgdmbde dianditide
f | f LONS
where The Secamiads Da ngTcher UER STt AEet e Daafes el rbafing YaREH
stiffness is merforienations whishilawers #1e sasiond bending made fraseneismofe thag the
bending in thg ieﬁeeﬁea.cbn_lafgdemermé& arbf1R8 foca AR WAGHS RS SeddrldtiUring!A¥EL 4 L he

center fromthe_vel oci sensor | ocations. Renoving sti ness |
areas great|yampiiiydeds greatest.

20 Balance bar stiffness is modified by greatly softening it in the regions of high
bending in the second bending mode. These locations are slightly toward the center
from the velocity sensor locations. Removing stiffness in these areas greatly reduces
the second bending mode frequency while having little effect on the drive frequency
since in the drive mode there is little bending in these areas. Finally, stiffness in the

25  central section of the balance bar, between the soft areas, is increased to further raise
the drive frequency while having little effect on the second bending frequency.

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

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

assume a mode shape that is similar to that of a flow tube being deflected by Coriolis
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t he second bendi ng node frequency while having little effect on the drive
frequency since in the drive node there is little bending in these areas.
Finally, stiffness in the 25 central section of the bal ance bar, between
the soft arw@80/02p20 | ncreased to further raise the drive FCTARIPNIH wWhi l e
having little effect on the second bendi ng frequency. These physi cal

nodi fi cati ons of the bal ance bar can reduce its second bendi ng node
frequency so tef5e- Thetlawiubpepd balance bas of thepresestioverngontitis pedomviike a dual

frequency. Wheibe Chiidlis |fl§wﬁr@|f6r%f%¢eln h&h 5hb %\h?u%' tﬁ[)@ﬁﬁ\@@ Cf%frloli hﬁ?"ﬁL%\é\lnfjgb €

are transmtted fromthe flow 30 tube throu race ars
of the bal anc&®ipapse igtis ouhefpbase witerespestde th@ othiek iowitubk e The asslt isthathies

bal ance bar t lsigletube fisteref trﬂfﬁééén‘l’\ln%htfoh%a%&bé)ﬂh o@"s@hﬁﬁ\?lﬂy%é d};%ftg%;te

fl ow tube. Thes%deflectlons are referred to as
t hey assu"?na &919de shape that is sinmilar to that of a flow tube being

defl ected by Cori ofhepha Hfati f d
bgl aﬁgeebaryof ['Ig}oa hep sﬁ@f%ﬁ%nﬁgééﬁ%% f’n&lﬁéﬁd}{%r\ﬁb‘?at(fp%th Heg%%ctt'rbbe an
Coriolis flowih& Sgﬁz?“@ f@é\%ﬁeﬂﬂcﬂ?meﬂh?ﬂo\wtwbb@bpamms the @iationship of

vi bratory rems&&hﬁbqué‘ucw&th@fblam?l@é%ai"éécgn& Bér?:ﬁﬁg%mw {ohiﬁe?l s?ﬁ%{ﬁ pW

tube. The result ér Eqat the single tube neter r esen 9 on
can have the fMogR/(ddgiirequeney, "3'19S&CQF’dHPe'ld(!lgé"OdSfmumcyCEmetl'phhsbssﬂwahhe

bal bry do b t f th
01T, et e ety 60 ey D

resonant freq N8 gede feauency it higkarth %@Grﬂﬂvﬁ aanangy.torlbalance trex sbeorst
bendi ng rmdebérﬁtnmg/mbdéWW@QthaIBQvutﬁQﬁ@O@n&%de&gﬂV?B?aquoB ‘Fg'}éqgﬁytuﬁ

ei t her be Iesth han, 10 e reater than t rst

(drive) frequ '8yendi51!°f°rﬁ’88%§ thaé@ﬁgiftr?@ diflgwmetar sensitivity: lf&lelbagheebal’rsan t he
drive frequensgcontihbenblabmf%ﬁeﬁ@@ﬁ@omﬁﬁ@@h&&fr@%@ﬁcy %Era‘%fez &,539839

with the g‘}?lsllnd cedﬁ\éﬁc{g n of | ow t to reduce
sensor phXse tr3gla pnaing, g10dp \vifrgtes jout phphass \&lﬁtﬁieﬂww #ibesecond
bendi ng node Codgfisdminzed snbbeaiomo id&fbaéélsﬁﬁscfrrpﬁgégew an@ﬁomez‘é? &Hsﬁm{fsed 15
t he bal ance bar sqﬁ% %r qgtm) e Vi Br\@Fes out of phase w tﬁ
tube's Coriolis i BT ST Bredupe Béfé%s%c@ﬂ%é?"dﬁ?med%ﬁ?qttenahh
L | O\é\net er 3 enabavievthe first bEhdmga’icerehd'%Ste*quﬂl;dyydTh% rb&@kmag tmﬁﬁ?étf\ﬁe $iwond o
endi ng node I rs endi rive frequency. The
reason for t h{uéggs%? ﬁﬁs{ V'ﬁraﬁgr%ﬁ%\fh ﬂﬁ?%’l"f@b?" PBEMPER VRFYOR BES Bal ance
bar's se@dnd Pasdi nfhenvelecity barmmaermeereiamve 2/8lopinaBetweéh @hd BbACtubY aH@NSor s
sense rel ati Vg ¥e0Sd iwhideMYBRD tHal §n Lhé)svt\a' thai$s385d to negate each other. This
however, can be a useful embodiment in certain applications. If the balance bar
second bending mode frequency is sufficiently close to the first bending mode drive
frequency, its amplitude and phase can be made so large so as to overwheim the flow
25  tube's opposite phase. This configuration can result in a flowmeter having improved
sensitivity.
The configuration in which the balance bar second bending mode frequency
is below the drive frequency is, however, preferred because the phases of the flow
tube and balance bar add and also because the balance bar tends to balance the flow
30  tube in both the drive mode and the Coriolis/second bending modes. In conventional
single tube meters, the balance bar balances the flow tube shaking forces in the first
bending mode only. The second bending mode frequency of the balance bar is at a
much higher frequency than the Coriolis mode of the flow tube. Therefore, the second



bal ance bar which neans that in phase notions tend to negate each other.
This however, can be a useful enbodinent in certain applications. If the
bal ance bar second bendi ng node frequency is sufficiently close to the
first bendwogoosogte drive frequency, its anplitude and pras®ws®wamye nade so
| arge so as to overwhel mthe flow 25 tube's opposite phase. This
configuration can result in a floweter having inproved sensitivity. The
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rel ati onghi ppRedeVpiNohtt? oo (b sBREdremYl ABnPh stengtivity to flow comparable

to that of a dual tube Coriolis flowmeter. Furthermore, the balance bar of the present
invention balances the Coriolis forces as well as the first bending mode shaking
forces.
An aspect of the invention a method of operating a Coriolis flowmeter having
25 a flow tube and a balance bar oriented substantially parallel to said flow tube and
further having brace bar means for coupling said balance bar to said flow tube; said
method comprising the steps of:
flowing material through said flow tube;
vibrating said flow tube and balance bar out of phase with respect to each other
30  inadrive mode having a drive frequency substantially squal to the resonant frequency
of said material filled flow tube and said balance bar;

inducing periodic Coriolis deflections in said vibrating flow tube having said
material flow;



flow tube and the Coriolis like deflections of the balance bar provide an
i ncreased net 20 phase shift out of each velocity sensor and, in turn, a’
sensitivity to flow conparable to that of a dual tube Coriolis flowreter.
Furt her nor eWQ448283¢| ance bar of the present invention baPER¥8¥/11Hée
Coriolis forces as well as the first bendi ng node shaking forces. An
aspect of the invention a nethod of operating a Coriolis flowreter having
25 a flow tube andS¥dpariegieeotielis dsfleaions beingisbaranteriaéd by regicns bbtefteatismi d

fl ow tube and a@w@tygr,,ﬁgyhg\gn@ﬁ@g@ﬂ&%n means for coupling said bal ance bar
to said flow tube; said nethod conprising the steps of: flow ng materi al

t hrough said flow F'LﬂiécfeRﬂGSr"aihahgaldm!hqd lorthenincludasthbatepeoé bar out of
phase with reSpeCtmﬁGc:ﬁ‘@GBné]fsfﬁﬁé de tioRs |ﬁsgl’d'b‘éran@gﬁrQ%\élcﬂﬂlvgfrgéu%y i 4
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peri odi c Corlolqﬁ defl ections; said Coriol I ons I'ne an
i nduced node 8t 53¢ BRIaR¢PArof said  bal ance bar having a resonant frequency

sufficiently cl osesdi® @&r@né NiRE UgdIRKtiHs Sfisdid BRaR&d |
defl ections to i ncrease the a Iltudesof ssalld arf%b?grfé@ é rﬁp' Ll'doens in

sai d bal ance BEPOMORRlIo themagnit d‘f?fIP@r'EI‘éPPéﬂQHdeﬁewfSgainDngéaneutiﬁamtmaw ng
an anplitude nﬁtéﬂ&@ﬂdﬁWonal to the magnitude of periodic Coriolis forces of
said vibrgting fl flow, 15 detecting the velocity of

sai d flow3ube wi t‘#‘?%'é‘sé%? V@BC'Q’a‘?chaeﬂgﬂ% tybe With saspact tsaithyalodiyof said

balance bar,;

generating signals representing said velocity of said flow tube and said velocity
of said balance bar; and

deriving information regarding said flowing material in response to said

20  generation of said signals.

Another aspect is that said step of inducing said Coriolis like deflections
includes the step of inducing said induced mode vibrations having a resonaﬁt
frequency less than said drive frequency.

Another aspect is that said step of inducing said Coriolis like deflections

25  includes the step of inducing said induced mode vibrations having a resonant
frequency greater than said drive frequency.

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

30 Another aspect is that said step of inducing vibrations in said balance bar
includes the step of extending forces indicative of said periodic Coriolis deflections

from said flow tube through said brace bar to said balance bar to induce said Coriolis
like deflections in said balance bar.



generating signals representing said velocity of said flow tube and said
vel ocity ‘of said bal ance bar; and deriving information regarding said
flowng material in response to said 20 generation of said signals.
Anot'her aspgsdorobgot hat said step of inducing said Coriol ircTiusesi1dsf | ecti ons
I ncl udes the step of inducing said induced node vibrations having a
resonant frequency less than said drive frequency. Another aspect is that

sai d step of i nducAmugheradspeéions itidtisaid stsps dbibreihg @il balch Mak iHRRIek e St €P
of -i nduci ng saj d iﬁduced node vi brations having a resonant frequency
greater than 88P8%%rive frequency. Another aspect is that said step of

i nduci ng sai d Cor ifieixing dnids of gifl flewtilia redppakel tesaid péricticeortlis dotbiibRg sai d
i nduced node gol r at '.op%?ﬁﬁ%vi nI% ar esonant frequency substantially equal to
said drive fr q‘ﬁ"’é‘r&(’f? FPTREP PALMARRS: @84t hat sai d step of induci ng
vi brations i n sai didxingansezohdiend iohsdit Beetbag insresforeb t@ﬁéi@ﬂd&irﬁ?of ﬁi&gv%t

ow t ube

i ndi cat i f jd- i odi iolis . deflections fromsaid

Itﬂrl)ﬁghl \s/gig 85‘&%‘“ %‘Fe' io%‘l’ @8&@&3@?%@%&'88? '"ﬁ?’cﬁ’ﬂimf@ id Coriolis |like
defl ections in saiAhdwéraispectisthat Sid¥PEViRARHY sBEATE dARAONbHEAECtiDAS i Gid
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resonant frequency of said balance bar.
Another aspect is the step of lowering the resonant frequency of said induced
vibrations of said balance bar by lowering the effective spring of said balance bar.
20 Another aspect is the step of lowering the frequency of said induced vibrations
of said balance bar by the provision of at least one flexible portion of said balance bar
together with the provision of increased mass on at least one other portion of said
balance bar.
Another aspect is the step of providing a void in at least one portion of said
25 balance bar.
Another aspect is the step.of lowering the resonant frequency of said induced
vibrations of said balance bar by the provision of flexible portions of said balance bar
at locations of high bending moment of said balance bar in said additional mode.
Another aspect is the step of maintaining the end nodes of said vibrating flow
30 tube and said balance bar in said brace bar.
Another aspect is said step of maintaining comprises the provision of stiff
sections of said balance bar and flexible sactions of said balance bar not comprising
a stiff section.




15 Anot her aspect is the step of transferring the effective spring of said
bal ance bar from said bal ance bar to said brace bar neans to | ower a
second bendi ng node resonant frequency of said bal ance bar. Another aspect
IS the stepWsjooloe®eri ng the resonant frequency of said i ncaTAaS99/MTMr ati ons
of said bal ance bar by lowering the effective spring of said bal ance bar.

20 Anot her-aspect is the step of | owering the frequency of said |nduced
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of said bal ance b not conpri sin a sti secti on
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| owering the resonant fre%enc%/ of said second
bal ance bar b>J°? lans, Plighs ViBratighal amplityda in %@ﬁﬁmddiendmgdnw ance bar and a

flexible port i on or\netaeha@ledﬁs S4id DriblisaiRB UBfle B8RS |h8£|‘$]e‘l'tfm gﬁb%@ﬂ&@gﬁc Lar

together increased nass on eac enter
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porti on. Art'?)f’ ﬁb@@tpef'%d'? 98"%'56‘19”8?’"%6\9&?#'14ﬂo‘yémllﬁ resonant frequency
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flexible porti ons of | an | ocations nonent
of said b2| andcMgiepialf ff? rpgfa@gg%ar %fubstantrally paralle! to sard flow tube and a

brace bar means for coupling said balance bar to said flow tube; said Coriolis
flowmeter further comprising:

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

characterized in that said method further includes:
periodic Coriolis deflections being induced in said vibrating flow tube having
25  said material flow;
said periodic Coriolis deflections being characterized by regions of deflection
as well as nodes having no deflection:
means for inducing Coriolis like deflections in said balance bar with said
Coriolis life deflections having the same number of nodes as said periodic Coriolis
30  deflections;
said Coriolis like deflections define an induced mode of vibration of said
balance bar having a resonant frequency sufficiently close to said frequency of said
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| ocations of high vibrational anplitude in said second bendi ng node.

Anot'her aspect is said Coriolis |ike deflections induced in said bal ance
bar are 15 in phase with the periodic Coriolis deflections of said flow
tube. Anotwenomempect is a Coriolis flowreter having a fl sarus81Adapt ed to
receive a material flow, a balance bar oriented substantially parallel to
said flow tube and _a Dbrace bar neans for coupling said bal ance bar to said
flow t ube; sBPicdREPUplissefiectionpininerenss theamplitudgof said Goriols like detieatioans f or
vi brati ng sajfsdid ggyaﬁég)ga,and bal ance bar out of phase with respect to each
other at a drive node having a frequency substantially equal to the
resonant frequencRibiCaigig '%ﬁt @?ﬂeﬁt'orﬁ pyé@'d‘ Ibé\ﬁn@@ti@rd’ﬂﬁylr@alad ampltude bar ;

characteri Zegrdpﬂrtfohaho&ﬁé thatR it ot pribaR! Cdrf&ﬁl S %noﬁdl Qiﬂl'aﬁm@ggbv%bé

deflections being induced in said vibrating avi ng
mat eri al ¥ oW‘th%ﬂ“ﬂ"%gPY"odl c Coriolis deflections being characterized by

regions of defl echb@is foR8etéBling tAs v&BS%f@%M‘fM tRe q'gifm k‘é‘s‘f)&b sal ity O'

i nducing Coriolis |ike deflections in“said balance bar W|t Yiolis
life defl ect Pbsid RaRNeAPIMe same nunber of nodes as said per| od| c Coriolis

30 defl ecti ons; StﬂbéthBFgéﬂe'rﬁmb'si@ﬁaﬂ%ﬁr@ﬁéﬁtﬂ@%aﬂe&ehaac @Bribli% ??&dﬁg%ﬁ of

vi bration of sald bal ance havi ng a resonant frequency rciently

cl ose to sai aa‘F’r"QWJB?R:?"‘bFa'g9°6°'E'W°ﬂ®?tl928265mﬂlmbqflm peri odi c
Cori ol i sygdef | ect i Band for HerwirRAR SteH AT oW Rfokrhafkh |ﬁ’fres?ﬁh§15 aioq#drférdtlbb%sa g
i

defl ections 'a sai d bal ance bar; said Coriolis |ike defl ons o
bal ance bar A3YiH3&n anplitude proportional to the magnitude of periodic

Coriolis forces omfuithetlastidet Bimdihs iora¥wériHihe Poshart 1RLEH 4 ans
for detecti n?w)ghe vel ocliﬁy of .said flow tub eevmsth reﬂémectdy%(f)ss'g%‘uvg?oci ty

of said bala vibrgtio, of s kplancphar g %V@}H&I%Pf%b‘ﬂﬂégémtl ¢fpaichdgve
peri odic Corfrgbmghcgef | ections of said flow tube and said Coriolis |like
def |l ecti gns of sgég al ance har; .and 10 neans for deriving material flow

i nformati®n in r asBect s el saick meprsh i doweying Fogpgises added mass in

regions of high vibrational amplitude in said Coriolis like deflections and comprises
flexible portions of said balance bar at locations of high bending moment of said
Coriolis like deflections.
A further aspect is that said drive mode comprises a first bending mode and
20  whersin said induced mode of vibration of said balance bar comprises a second
bending mode.
Afurther aspect is that said means for lowering further comprises a rigid center
portion and an added mass on each side of said rigid center portion.
A further aspect is that said means for lowering further comprises flexible
25  portions of said balance bar at locations on sither side of said rigid center portion.
A turther aspect is that said flexible portion comprises bellows.
A further aspect is means for concentrating the effective spring of said at least
one flow tube and said balance bar in said brace bar.
Afurther aspect is a substantially straight flow tube and a substantially straight
30 balance bar.
A further aspect is a flow tube having a curved portion and a balance bar
having a curved portion.
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A further aspect is neans for |owering the resonant frequency of said

I nduced npode of vibration of said balance bar to a val ue approxi mate that
of said drive frequency. 15 A further aspect is that said neans for

| oweri ng coM@ 0920 added mass in regions of high vibrati ®cUSEMBI7THt ude in
said Coriolis |ike deflections and conprises flexible portions of said
bal ance bar at |ocations of high bending noment of said Coriolis |ike
defl ections. A furt¥uthe{aseestisthatthe step of inddsingsaidGdsolis tkedéfietiors if baigt

bend d ti d bal
Dar  Conpr | Ses e oan e EeD CIEUULFE CFROR e B EhE Whel oalfice e

for |owering fHHtSdCer &'ff)w?eé@éle@oﬂﬁgefmlmmm!ucepmade@mmdomsaidldﬁﬁhnﬁass on
cocn, 5 oF skt uTonsaicrofi B ok PEitiP il ik e

for lowering further conprises por ons 'Bar at
| ocations 8n MRR®H side of said rigid center portion. A further aspect is

that said flexibl es@iarddnerb m@rﬂyﬂbaﬁ%s%lr{ggﬁﬁﬁ @1433"“5 Jﬂes'anaaéﬁ%ﬁ/s td&ﬁ%cr{gﬁgssgfg

concentrating the 3 fective sprin sai ast  one
bal ance bar i PfSaiddloprtibe apd paving F%ﬁmﬁ&tﬂdaf’mmsltatt;mmagalmdeajf bgriadic ai ght

flow tube and CEbrﬁlf@ﬁJﬁ'éﬁ%tdnaédld/viﬁfaﬂﬁg ﬂJSWtub%Qvn@ﬁhé’t@ﬁQ fldy/ - A further aspect is
a flow tube having curved rtion and a bal ance bar” having a curved

portion. 11 WO 00/ OQBQW'P@PP dhat1sajdy means, feriaducing otiolissdafieetiort inesaid ep of
I nduci ng s@i d b@ﬁhb@bhﬁcdmd{rﬁesef | ections in said balance bar includes the
step of inducing Coriolis like deflections in said balance bar wth said
Coriolis like def| BEANHMY 'B@‘F‘?"I‘H korialis likegdeflestionsdin ssid batanas iban with sd d

balance  bar \Gurohglie deffeaits!definkg EnAiudeaRbad BALEAG b S BARKCEbarhi Cf

saidflowtub(?=| rﬁted said Coriolis | ONS elng
phase with sai BV'ESFI respaan drealencydawer thandhe éfeﬂﬂwytalb@mhdamalawrtgbans
anpl i tude propibritedinal to the magnl tude of periodic Coriolis forces on
np prow
said vi br?gl ng rovgé)# | 5( rrﬁ ial flow A further aspect is that said
means for 1 nduci ng®¥brPE? |s§' age %“é‘f’f‘%ﬁ‘ $aid balarre bay beinganwt of phase withsaics es:
Coriolis deflections of said flow tube and having an amplitude proportional to the
magnitude of periodic Coriolis forces on said vibrating flow tube with material flow.
Description.of the Drawings
The above and other advantages of the features of the invention may be better
20  understood from a reading of the following detailed description thereof taking in
conjunction with the drawings in which;
Figure 1 is a vector diagram of a prior art single tube Coriolis flowmeter.
Figure 2 discloses a rotating flow tube.
Figure 3 discloses a vibrating flow tube.
25 Figure 4 discloses the Coriolis forces applied to the flow tube of Figure 3.
Figure 5 discloses the Coriolis response of the flow tube of Figure 3.
Figure 6 discloses a straight tube Coriolis flowmeter.
Figures 7 and 8 disclose the Coriolis vibrational characteristics of a single tube
Coriolis flowmeter of the present invention.

30 Figures 9 and 10 disclose frequency response curves of the flowmeter of the
present invention.

Figures 11 and 12 are vector diagrams of the single tube Coriolis flowmeter of
the present invention.
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means for inducing Coriolis |ike deflections in said balance bar with said
Cori‘olis I'i ke defl ections defining an induced node of vibration of said

bal ance bar having a resonant frequency |ower than the frequency at which
sai d fl ow twelpenzeso Vi brated; 15 said Coriolis |ike defl eecrwss/miri4sai d

bal ance bar being out of phase with said Coriolis deflections of said flow
tube and having an anplitude proportional to the nagnitude of periodic
Coriolis forces oRigaasd3discloaes thgnfddeshapsendtiehtinghrictmentd oftheditst bending

Description h L DQS bove and ot her advantages of the features

of the invenﬁ%‘# oﬁé@{ @%@%Q%wﬂ%@rﬁﬁfr&%@'from a readi ng of the

Ij ol | owi ng det ai | eBigesct4 disclosestthe meufe smpbrmdibbngmgnﬁmrnéﬁtb(bﬂthd $é@:o}hbe o
rawi ngs in h Y r tramof a prior art single tube

Coriolis fl o%?@? ."%%L%Sr}%béﬁrﬁsbﬁ&@? pgé% E\VPW{;O"H ow tube. Figure 3

di scl osesSa vi br aFigure 15 disclosdsean étbbddingantef dhalpreséradmentibre Coriolis forces

Fesponse of the f I Bt ahy T idosh ne \igfichar sSSsRERy SERERTEERA1ghe " ube
Coriolis fl oWl flowingter ekFigurartd. 8 di scl ose the Coriolis vibrational
Cnventi on. 30 Fi grioas 1 Wedoded 3 e oncni B FlasBisilis el dRE ke e
fl owneter of present pwwj@m_ invention. Figures 11 and 12 are vector diagrans
00/ 02020"BeT] Usooy PIF74r 28 84 2 Tele He ubidfoh HiTabehE Y. » Bueeblial
monents of t lebaight wbe Kieridisfipwmatdie of the bal ance bar of the present
second bendi ng modarosr 28 B 2k Msdie it W s R o BIE RS o1 e
15 di scl oses skigbhiybeiGesnlis fiswmeter ofites presentrimesntiomn. Fi gures 16 and 17
Chochare, ' be 11 Pybeas A&RR0S ApidRe Aol 4 R ure o
the Cori d%i s fipwovetastof thegresens invention.
Figure 26 discloses a Coriolis flowmeter embodying the present invention and
having a curved flow tube and surrounding balance bar.
Detailed Description
The method and apparatus of the present invention overcomes the problem of
20  lowsensitivity in single tube flowmeters by the provision of a balance barthat amplifies
flowmeter sensitivity. In order to understand how this is done it is necessary to
understand the nature of the Coriolis force on the flow tube, the distortion this
produces in the flow tube, and how the distortion results in phase shift along the flow
tube.
25 Figure 1 is later described and is a vector diagram of the vibrational velocities
of the flowmeter of Figure 6.
Figure 2 shows a tube 202 through which material is flowing as it rotates
counterclockwise about its end 201. The Coriolis force per unit length of tube 202 can
be derived from the equation for Coriolis acceleration A_ and Newton's law.
30 Coriolis acceleration may be expressed as:

A:=2 (@ x V) w = angular velocity
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present Invention. 10 Figures 19, 20 and 21 disclose the vibrational
characteristics of a conceptual straight tube Coriolis flowneter. Figurés
22, 23 and 24 disclose vibrational characteristics of one possible
straight tuWe@oERRL|is floweter of the present inventi onPCFUSMBTLS

di scl oses an alternative enbodinent of a Coriolis straight tube 15

fl owmreter of the present invention. Figure 26 discloses a Coriolis

f 1 owmret er enbodyi ng the present inventionVaiidid velogitng a curved flow tube

and surroundi REhridad BEEE A dfay gaeg,@}gsggd Pescription The nmethod and appar at us
of the present invention ovércones the problemof 20 low sensitivity in

singl e tube flewneters by ,th rovision of a balance bar that anplifies
f | ownret er sens? t"l"vafé.""lzngr fo ‘OhdersMa:nﬂhidhmass his is done it is
necessary to understand the nature of the Coriolis force on the flow tube,
the distortion this produces in the flow tube, and how the distortion
results in phase shift along the flow tube.ﬂuaﬁddﬁgyre 1is later described

and is a vegct [Pr=ToRgR-10y) the vibrational velocjties of the flowreter of
Figure 6. Fi g%ﬁ”@g?ﬁg’h"g\nf&ﬂube 202 t hr olyh={WRedIWAIPR i al is flowing as it
rotates counterclockw se about its end 2Qdtubdhenhgtiori olis force per unit

| ength of tube 202 can be derived fromthe equation for Coriolis
acceleration A. and Newon's law. 30 Coriolis acceleration may be expressed
as: A =2 (c V. wibgrzgu] ar velocity 13 WO 00/02020 v = fluid velocity
Coriolis Forcel'E= Sr &ss¥d) as: Fc= MAC = 2 M(C) x V) M= fluid
mass 5 since fluid M= PA, Q FC 10 but: FC=2pAl2(w x v) =2pAl(w X V)

F.
—=2pA(@ x V)
V4
10 but
. [ )
pA:V= M ' M =mass flow rate
F. ®
—=2Mzx @
V4

The Coriolis force F, is uniform along the length of tube 202 because sach part of tube
200 is rotating at the same rate and the mass flow rate is the same throughout the
15  flow tube.

Figure 3 shows a straight flow tube 300 that is free to pivot about each end 301
and 302 but is fixed in transiation at ends 301 and 302. Flow tube 300 is vibrated by
driver D in the first bending mode at its resonant frequency, like a guitar string, while
material flows through it. As the flow tube passes through its straight (zero

20  displacement) position 303 downwards, it's left half rotates clockwise while its right
half rotates counterclockwise. The rotations decrease as the tube's center is

14



pAlQ- MF -=2 Mx wp = fluid density A, = tube flow area 2 = tube

l ength M= nmass flow rate PCT/US99/ 11774 The Coriolis force Fc is uniform
al ong the length of tube 202 because each part of tube 200 is rotating at
t he 'sane raboaeesde t he mass flow rate i s the sanme througheatrrusssa177a5 {1 ow
tube. Figure 3 shows a straight flow tube 300 that is free to pivot about
each end 301 and 302 but is fixed in translation at ends 301 and 302. Fl ow
t ube 300 i s vapgmreacbedbyThelcenter does mat hretate rat rlmedri ng\smde arhd spacigisonant

frequency, |i | | ugh it. As the
1 ow tube’ pasTSuBuft bE Eonbly RicesGh e JEB flos™i0d R arate®) Hlaldh 7% 303
downwar ds, i tdlsplaaa‘merhaDtB isr shtoanan Kigureldwi Hwe Odridiie fortes isrin @bposntbaiirbctlonsat es
count er cl ock as ube' s center

00/ 02020 PCT%’%S’S/%%&‘B%SJ&%%% tﬂgq“t%n %‘g"?n‘t%{é% a’ﬁ&PPP%'E atB“EbGP”?FEr ely
transl at e§. Theedimiishles talzero at thatceoter bécalseitind fotatfonrot ¢ tabe tintnithestot ube
300 as it pas;e%a{tﬂg%g%rzero di spl acenent 303 is shown on Figure 4. The

Coriolis force' IS 1 n opposite directions on the two hal ves because the
tube rotation di r dnbthensnajorcdifippose betweBheviliiating tus S00 of Eﬁguﬁﬁ Biandstmes to

fhe conter . ASHIRR AR e 21 Mt aloa 28 pl Hoef 0%t R SosrEpuffgur o
and the rot d&utn@psabérmzse@fdlrﬁctgmr é«tﬂ'\el\@raﬂ'mtdmelctwratewegat, theaofafionsiaves not
i octi onOr evATe 2t the B¥fiols BR% 6 ihd GHES 165 108 B hor8” e s bRl B

direction reversa ero Z€ro ®on the
entire flow tmbyutuslezcmtbe Criielis tstcdst of Eigutea vahesinusadally udth tife twith Ber i ol i s

forces of Pl ity Bt 5 e Al Yol VedoMocte b R RSt CoUr 1 o

as the flow tu goes zer
velocity as shwmumweﬁcgwaesrmwmlﬁg@em dercsCéhraniis oreoe oeouss nimthbbaummbwre

flow tube a%u{>§§§{q%‘ﬁ%‘:&ﬂ%%é&%%*ﬂ?%a&ﬁ&rﬁ'ﬂéia%&”a%bﬂ g5 L4 zerg%lbctzl@qr? thand

zero velocity
16 first bending (drive) mode. The frequency of the sinusoidal application of the Coriolis

force to the flow tube is the same as the frequency at which it is being vibrated;
namely, the flow tube's first bending (drive) mode vibration frequency.

Flow tube 300 bends in response to the periodic Coriolis force as shown in

Figure 5. The solid line shows the shape (greatly exaggerated) the tube takes in

20 response to the Coriolis force as the tube passes downward through zero

displacement in the drive mode. The dashed line shows the shape the tube takes as

it moves upward through zero displacement in the drive mode. Note that the only

point on the flow tube that is in fact passing through zero at this instant is the mid point

of the tube. The shape of Figure 5 is similar to the second bending mode shape.

25  However, this is just a coincidence. The frequency of the second bending mode of the

flow tube is much higher than the frequency at which the Coriolis force of Figure 4 is

applied (the frequency of the first bending mode). Since the flow tube is being excited

by Coriolis forces at weli below its second bending resonant frequency, this Coriolis

caused deformation of Figure 5 and the Coriolis force of Figure 4 occur in phase with

30  eachother. Fiow tube 300 therefore assumes the shape of Figure 5 as it crosses zero

displacement axis 303 in its driven vibration (first bending) mode. Material flow

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

Figure 3. This is shown on Figure 8. Both vibrations occur at the first bending mode
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15 first bending (drive) node. The frequency of the sinusoidal application
of the Coriolis force to the flowtube is the sane as the frequency at
which it is being vibrated; nanely, the flow tube's first bending (drive)
node vi br at WewomRQuency. Fl ow tube 300 bends in responsePCOUSN4173€r i odi C
Coriolis force as shown in Figure 5 The solid line shows the shape
(greatly exagg rate eé% the tube takes in 20 response to the Coriolis force
as the tube pa wedregyaRva Pt PRy Biegihase hifted Bpmasshmetiter by ninety dbgress. Mbee.

The ‘dashed | i neoridhgWwiucbe d&b&@&nbﬁ&%&ﬂ#ﬂﬁmt(téﬁﬁ&nr?e%) oé&JlrérW&?th‘éQ}P@ r%a%{mﬁfg.r ough

zero displacenent |n the drive node 9 1 ow
tube that is |'H°T’%\l§tat[5§§%9'ﬁ63??ﬁ‘%@wnﬂeﬁfx§ 3Q3. t hesConindis ajrﬂplacemehtdaamd\epm nt

of the tube. Tim’o Wham)ﬂhe@frst beSdAEmads & aﬂn’"a%hﬁ{m a@#&%eﬁﬁ?ﬂ%ﬂ @@@gl

shape. 25 } lJust a coi nci dence. equency 9% cond
bendi ng node o 'star'i‘é °gPP%$9'f8'6’§‘ﬁ'§ thatdtremriegertp th%ﬁﬂ‘%ﬂﬁ@&fﬂmu@awscatar\am ch

the Coriolis fOsnusis dbfidotighs Qre%dn&erné&l&lt treckirkd h@wftJb%Oéb%rE?%% F 4
bendi ng node) ‘j@ getheflﬁwtue s being excite rro orces at
wel | bel ow i t SMIEIMS: B2 thi§ timegshathe Fori @wan@m@o@ndme@eﬂwmed

def or mati on ofarElagurnGaﬁvm&rﬁdni RideOAsAIready 6% ase
with 30 each ocgher had‘idgﬁ/f t ubed"300 t r?er ef oi e %ﬂgigngg‘:f%ﬁhﬂ 4h9@%H§I|sg8chQ

as it crosses 20N ratelbREOmE zaro whsn the deflgctinn Qfﬁﬂw‘wuﬁriﬂ)umh@ﬁ its st
bendi ng) mode. mmﬁmllﬁbltﬁerWupﬁuﬁﬁbkH&P&ﬁaﬁdHP@ct@Hr#ﬁhlsﬁm’aé"ﬂﬁ%%c\f%gf{._tﬁ%' on
0

of Figure 5 or} bdrlven vi bration of Figure ure
6. Both vibrat |°3'n 8ciE 72" andR%e fre the BRRligdnGONAlE forss DD GSOERDR Coriolis

PCT/ US99/ 1177 Aetledtios. fnmaeﬂw,smbyéud&lhewnéws rd3pasR Shbid g4 ﬁ.ﬁhﬂg‘ §%§e§t her
by ninety degrees duced di spl acement maxi mu sol 1 i nes)

occurs when tﬁg’ursf"rdg{']y Hbﬁﬂ?%‘g‘dlenﬁtd & drivg freguencyi ag flawetvbat 30 mglbmte¢ 303
The Coriolis dirssbidaiynanits ﬂnecbmmg mea@ b\é&mnt.&emﬁknﬁﬁﬂrn P&l h
maxi mum dl‘gpl %ﬁ%@% &qri Q l.i n th a} anal o ous to ki gure 4 in
that it represenraCrfe 1q 9% signalnLhe prg 'tt‘%ef tf"ﬂ Goohsaisplacemant phgnnson
defl ecti ons arfiguremsanddeéds @teatlhexaggﬁiatédi v dlauiwe PampRISER lﬁ%a(ﬁtya%héh 303.
At this tine, the Coriolis forces and Coriolis
i nduced def | ec?éggpéﬁ '“%:Héﬁ %:%quq{g ’XFBYR%MH\QW of flow tbp S8 Poeayspaha bt f or
Fi gure 4, t he béndingmaslefipdden atdhmafsoahntetmd]uuhéy srahé fiow RSO RE'Cdrighen t he
defl ection of fl@w, e 1 m.in either an upwards or
downward di rectc% onstn%t tTﬁQQ tbg%%%ﬁ%gé@r %@PW“E}‘P’" thall the dgyresipre 9reater o
and so ar%oth@X@@ﬂfated Coriolis forces and resultant Coriolis deflection.
Thus, the sinusoi dfhe SiddeUelay dsESAXBT Hith MMErid! lo |r9;lajrr|oer an n\‘\/gters is the result
of the superposition of the first bending (drive) mode and the Coriolis deflection of the
flow tube. In Figure 5 it can be seen that right velocity sensor SR crosses zero
displacement before left velocity sensor SL. It can be said that the left sensor and its
25  output voltage lag the phase of the right sensor and its output voltage. Conversely,
it can also be said that the right sensor SR leads the phase of the left sensor SL. The
phase difference (ortime delay) is proportional to the amplitude of the Coriolis induced
displacement which is, in turn, proportional to the mass flow rate.
The present invention involves shifting the frequency order of the various mode
30 shapes of the balance bar. The vibration modes are defined according to their
shapes, not their frequency order. The first bending mode will hereafter be referred
to as that shown in Figure 3. The second bending mode will be of the shape shown
in Figure 5. A useful rule is that the mode number is equal to the number of nodes
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sinusoidally in anplitude at the drive frequency as flow tube 300 is
vibrated "sinusoidally inits first bendi ng node between its maxi num
positive and negative 15 deflection by the drive signal. The anplitude of

t he Cori ol we odiozpé acenent shown on Figures 5 and 6 is grexiusy/xXagger at ed
for clarity. The anplitude is in reality nmuch |ess than the anplitude of
the first. bendi ng node of flow tube 300 because the first bending node is
driven at themirwsonani'héﬁratmedmlyaaifNombdeé Ianmetenbe) and sédundBas thoéé @t tHeode is

t. Th t he f tl
20 exagger at g oeang s E6nieH. WA B3 pBNGHE midtihan ok olpldEw (1 pr! or ar
meters is the resuhconushtional singledupe Sotiolsrfiosimetérs, thetbatanb@bwdlmﬂldlfalteee)

d dth Wt Fi b
seen that righihs BistBentiid B6be 8y Blid 8 rosbGifeld aralstateadih refionnbSl of
vel ocity §ensEIgUlSL6.SthWQ:aI$lﬂ9te whe Caribbg flavreetee 500 hevmg)a flectubé 80P ana it put

| t I t .
Conversely.  DiaRats 602 colRcld ity @ iapboF i 60 Lo M of Peti® Tinn 0% nas e
of the left s'ﬂnswlidﬁbeSUhEIgum&showb ﬂdvetmmumdtbatmmdeiaaﬁmz astrwycumstional
to th it t
p?opo(rat ?I)rIrIaI I%Igtd I%EIa%gIs?lseﬁI) ’I)IgvbIrﬁé ItIIgIIIﬁsz%BPg ig‘Ir'vﬁIﬁ\I‘gII? I”IIH "IarI?fIﬂ?II% uf II i ng
the frequencyCoraliedetiéctioheappaar ondatande baSEd2sdrafigered. THeaddshbdlinss shew. The

br at f [ h ot .t f n
v br a1 ongTo g BEIS L ACKBRGN b Bt ISk eneh BE BB AR e rSCucr
in Figure 3. erlge(dUVﬂiMi ng node wll be of the shape shown in Figure
5. A ful I h b od 16
W0 00/ 02020 per/ LB 4 VeetlP e iiions F8VboBal valodles SRtmBled, ¢ ne
ends). The sedbersanyridionalrsinglg awalgmeubeﬁdsolmrfmmtem mpretsent)ad inAigutené.r d
bendi d ]
fIa(r;va“rg?eIns) et'p?esreg s gerb? Iov@ﬁhﬁe af the Htv\fencIc'itQ EﬂIesof I?;Bg? v%ciwg%ﬁgv?%ﬁg S2nd
| acks any B es@lﬂﬂd@gtnba%@ blbﬁsrepmseesdchy ttldnenglé betwesheectob 163 gnd theGealhows a

singl e tube \IVER I ce bar
6029connect e(c:IEIsé I:_IIbér' ZI:IE bar %%VQQQI%XI at t éngrIII ?Bg&lé%a ng%5$rﬁ€g§ The
solid |ines of02sinaertae balanembaris bay affabled by thegeetsaeiBariolis forcé:0d the fiotvey

cross zero dygg) ?ﬁ@ﬁ&!&hcéﬁéﬁe%%? éItdI?s&IsI@nownfa&ndﬂtﬂB %I%x(sdfdg a%éggﬁt‘ﬁle‘ﬁ'th

material flow. No _Coriolis ear ance on Figure
6. The dashed bimedh gnwrﬁymféherﬂqywut»ased alanaschan welecities is 405.t Viectorutosar d

extent oot hedds adHasaah§s ¢ N réphééehtlﬁggﬁwe combined vector velocities and phases of the
flow tube and balance bar. Note that the net phase angle out of the right sensor SR
is less than the phase angle for the tube alone. The reduction in phase angle (and
sensitivity) is due to the lack of phase shift of the balance bar in conventional single
tube meters.

25 One embodiment of the present invention, as shown in Figure 7, provides a
balance bar whose second bending mode resonant frequency is slightly below the first
bending mode drive frequency. The Coriolis induced deflection of flow tube 601
excites the second bending mode in the balance bar 602 by way of brace bars 603
and 604. The amplitude of the balance bar 602 vibration in its second bending mode

30 is proportional to the Coriolis deflection amplitude of flow tube 601 and thus is
proportional to the material flow rate. The vibration amplitude of balance bar 602 in
its second bending mode on Figure 7 is also a function of the separation between the
first bending mode (drive) frequency and the balance bar second bending mode
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bending (drive) node. Figure 1 is a vector diagramdisclosing the ‘
vi brational velocities generated by the conventional single straight tube
Coriolis flowreter as represented in Figure 6. The response of the flow
tube at t heWa@HWR020el ocity sensor SR is vector 103 which Pe3/USP/MA7Meadi ng
phase, 1) tube, represented by the angle between vector 103 and the real
axis 102. The vibrational velocity of the balance bar is not shifted in
phase from axi ®sonan frefiurney Mee blabermoesdrmndibsnding makib eeyeshdyyf tHedagmiaer at ed

ioli i : ector. (106) js.shown
along the real o e Bahaht e (RS Ry b ofeHie Qhubadnd vhgprdine
f1 ow tube and ¥BPEyAaofihg bajencediar indts Sesoud)ﬁendtfcgrnoqet.;vﬁs %Datimaﬁhlms?ha?ﬁt "
- i Qi . i n e
angl e ~ yet reRIREAYN AGurb bﬁ%’?%ﬁ%%gﬁhg&'%ﬁkﬂgll ﬂ?@?%ﬁoﬂttﬁ%gaﬁ?w

fl ow tube and bal ance bar. 1d ase rght
sensor SR 5i s indls seeangrbenting pimssavithrrgspect torthe hatiothehese meﬁirstlsb@ﬂ@dm?l ?E
I n phase angl : ' 91‘6‘?) | ack of, phase i ft o e
bal gnce bar gi ﬁ(déﬁg{g%ﬁ{o&zg{‘a fs{:‘:etr%ragw?ube2%?%@en§@g&°edeéﬁ%f’ eBeY-t he
present i nventThex axig 98 indicates the tiiodefyequr the ifickt beadindg aloals arived frey e

?

[ i ' L aht he first, ndi ng
mode. drive {1 ehuanesec8hABeing hBaL RIEHiT sy BLhe BRIBFe bevo e Bs 081
excites the scebifgene iy argpiifisation factonef thal Goriolis ?poﬁeﬁh’&ofbﬁla\ggyibﬁf ??us.agicgﬁa s
603 d 694. i : _
bendi ng. mde 30 s sau e O réspBnhaRes b Bliafiohat bOE Bl rasthirtibdis
flow tube 601 tAdaithastwesn the ghivptirasuancyt end e secand héndirtjg)Mddat:gZo%n\e

: . i . g

Figure 715 bl taytt (FbRERR Pl S8 o1 chldiadRiRRRe BRES PR gt ng
mode (drive) fAGSERIERE IPWRRES ZeTe from 5$1miixbmm%dbﬂdaﬁxeqtjthagwmcéquéﬁméb%ra _
00/ 02020 PCT/ {5986 bletmectoatadnihah r‘l?@]u?ﬂgborillikeregkxgr%s rczftng ba aﬁcgengar :iﬁg%l ng
mode frequency, of the balance bar is to the tirs endi ng r )
f r equency 12 t h&legraagesionits mag@uhes Yie rtisraf dreae tweirpduencide bedomdsdedsahamce
bar In [ts seaniFiarst dowsRikewndiins wHadisheREh huiliPtbse, bk bl 0N
Figure 9 \AhiChagipii % r:.i,cﬁh |of t he vibrational anplitude e bal'ance bar
inits second H ﬁgb gelangs barinitssesend bending meds eantstroralThighes thianitiss
bendi ng mode  dateiisirdudetiasmphua ool it ARGB.htenfifticsshntNfelipngiay mde

resonant frequency. he, x _axis.902 indicates the ratio betwe e st
bendi ng mdeq(eg}rhoé@eq-a[péa%grﬁ(g?nt "&’ﬁﬂ“?@%@%ﬁﬂ Gosinlis floymaierainderonditions
frequency2of thehibhtiesseohdibendifemydérdsdndit ¥requency is slightly lower than the first

bending mode (drive) frequency. Under such conditions the frequency ratio is slightly

greater than one. For another embodiment, the ratio betwsen the two frequencies

may be slightly less than one. At that time, the Coriolis flowmeter is operated so that

it's response 904 on Figure 9 is slightly to the left of abscissa 903 representing a ratio
25 of1.0.

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

30  bending in the balance bar, but rather the Coriolis deflection of the flow tube which
occurs at the drive frequency. If the balance bar second bending mode resonant
frequency is higher than the first bending mode (drive) frequency (ratio less than 1.0),

then the balance bar second mode vibrates in phase with the flow tube Coriolis
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represents the anplification factor of the Coriolis response of bal ance bar
602.” As 10 can be seen, the Coriolis response induced in balance bar 602 is
at a maxi mum when the ratio between the drive frequency and the second

bendi ng nowe coempnant frequency of the bal ance bar is 1POT/USWA1Tdriolis

response 904 of the bal ance bar decreases towards zero fromits nmaxi mum as
the ratio of the two frequencies on Figure 9 becone greater than 1.0. The
Coriolis respimat®nds shewnluml Figwe 8bdf thalbatanis baeszcend modé trequericy isweiowum as

th ti f ' I h ._Fi 9 ;sh
that when £ 8% fréBuelERE D BRITART T30, PR Jhe Baiane hep ceifshmods
anpl i t ude Ablvibrdtedalibefqhabawith the fiow tibe Guiolievitiiation apdisovarasn Biguraz.h hi gher
than the Corioli g ' f £l tube 601. As |
descr | bed, tgmpm Zﬁ*ﬁﬁgﬁEﬂaﬁéfkéﬁﬁdﬁ%enﬁwﬁ%dﬁééﬁ° prpeRe BT by ¢ ne
Coriolis 51 okt on 8% indrigure7s tid0nagneiiand boit bfdeft eelocity seasatiSigbsthd
re;:)galnts frg trp‘g)ﬂé“quéé@s‘;{ogrxg“}u:; sr thg?]nthn f.p'r te b ncg:i:n am)ls?:g q iSe)
frequency. U;r'}%bsgch con l|d |onsTh%pﬁ‘eeT?%Sﬂ@ﬁﬂ%ﬁﬂ%‘%& isg'hﬂ’% tg‘?éater
t han one. Foie ¢ flew tubeboidpoist tThetsignal aLtput obedohasensdrine lonyer hasitsast es

be sligh . ' the Cordolis, flowreter i
operated o E;%%@e‘a?@ 22?32%2&2%%@%2@ thb frvarcs par Eiglim e ot B R PBF L of
absci ssa 903 fioapetarent eemorgf the vitratiad ampltudd loé thEhbalancl bartd2bsdoonde bar

d bendi ’ ' ' ' d tF h f the Corioli
ot 1 ecti o oroupBS e teislol uhd delode 38Ry ohre. it B PR Seshty ndreasBibia
bendi ng node desigoingittsofthatils easonantdrehendyiis closdiemits driyerfideeriayt Maigreduttequency

as shown in Ei i.l.is not the drive node that excites
the second 3 glgr'{ ?ﬁ“%’?ér%gﬁe @F{aeggéenégtg}ty. but rather the Coriolis

defl ection of theThe yectoubiagram fdr a CodelisSflaxtmethehaling/its balaneebarysecohdt he

firot bend! ngohand e agleRRy Sidhfa BIRN o 1hF BARAFY e T ooyl 2°
bal ance bar Sbewndn 8 V1.bThe &saXin fifarepragents théeed ivelaciybemi@otenbbf 8 18 WO
second mode ogiensy | 2 bar oy g 10 paindry MiBofontich 4 Dube HhEC
1.0), then t thelanse hacyelesty vedtednd 10 dihe flowiube esjocilytveator isHag4and, s cahe f1 ow
bendi ng. mode o s R b B 1O R TR e
in Figure 7, shifidemgAatihedalaneebpr vsotardfl P3.v Ehepetsjgnabawmf velbcityamensod S t he
L Iognv t ubsg M dPMHeNVectiislf (phesd B &hpR0de) A baldtbe bhP Pctd®] @81 dnY RANEBE SR
vector 1104. Vector 1105 represents the net output signal of the velocity sensor SR,
and it has a phase difference ¢ ,,, with respect to the x axis. Since the net phase of
sensor SR is greater than the phase of the flow tube, this geometry is seen to have
a greater sensitivity than the prior art meters of Figure 6 whose vector diagram is
25  shown in Figure 1.
Figure 8 shows an embodiment where the balance bar second bending mode
frequency is slightly above the first bending mode drive frequency. Flow tube 601 and
balance bar 602 are driven out of phase with each other in the first bending mode,
resulting in them being in phase in the Coriolis-second bending mode. This causes
30 the two parts of each velocity sensor, (the magnet and coil), to cancel each other in
phase. In Figure 8 the component of the right velocity sensor SR on the flow tube has
already crossed zero (leading phase) while the component of SR on the balance bar

has not yet crossed zero (lagging phase). When thess two velocity vectors are added,
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| ead the flow tube m dpoint. The signal output of each sensor no |onger has
its phase reduced by the zero phase shift of the balance bar (Figure 1) as
in prior art flowreters. Furthernore, the vibration anplitude of the
bal ance bar Y6p®/288ond 10 bendi ng node (and thus the vel odamnuss#ng®r phase
shift) can be greatly increased by designing it so that its resonant
frequency is close to the drive frequency. This results 1in a |arge
I ncrease in fl GRARAYETe ISR $anspk yoltagmeutpetetherphdsaigad and g tendlorcanddi 8ach
f | owret er havi Rehdrt $hd8hra8 BIdB Blie iR fH Whnshasidi ne tly
bel ow the first bendi ng node (drive) frgauencyﬁ%s%gﬁg'ssahrgaﬂg'oﬂyﬁdmggeil
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20 balance In this configuration the Coriolis force on flow tube 601 can be balanced by

the second bending mode response of the balance bar. In conventional single tube

Coriolis flowmeters, the balance bar dynamically balances the inertial forces on the

flow tube in the first bending (drive) mode only. The second bending mode of in the

. balance bar is at a much higher frequency than the Coriolis deformation of the flow

25  tube (which occurs at the drive frequency). Therefore, the second bending mode is

not excited in the balance bar of prior art single tube Coriolis flowmeters. This results

in the Coriolis forces being unbalanced as in Figure 6 and flowmeter shaking occurs.

The shaking amplitude, which is a function of both flow rate and mounting stiffness,

can cause a shift in flowmeter sensitivity because of a shift in distance betwsen the

30  velocity sensors and the vibration end nodes. Since mounting stiffness is generally
not known, the sensitivity shift cannot be predicted or compensated.

In the Coriolis flowmeter of the present invention, the balance bar second

bending mode of the balance bar is excited by the Coriolis deflections of the flow tubs.

20



5 bendi ng node frequency slightly above the first bendi ng node drive
frequency. The velocity vector 1204 of the right sensor conponent on the
flowtube is offset fromthe x axis 1202 by the angle ~ tube. The velocity
vect'or 12G8oefnodee ri ght sensor conponent on the bal ancRCHEIMETEhown in
the fourth quadrant and is offset fromthe x axis by the angle bA b,r.
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the two nodes v ate out each ot
(drive and second bendlng) match for only one material density. For Iughter materials,

the balance bar second bending mode frequency is below the first bending mode
(drive) frequency and for heavier materials it is above the first bending mode (drive)
frequency. For light material, the flow tube and balance bar then vibrate out of phase
25  in the second bending-Coriolis mode; for the heavy material they vibrate in phase in
the second bending-Coriolis mode. Furthermore, the flowmeter sensitivity
amplification varies greatly with material density when the balance bar second bending
mode frequency is in the immediate vicinity of the drive frequency (Figure 9). This
shifting flowmeter sensitivity can be compensatad electronically based on frequency.
30 However, for high flowmeter stability, the best design has the balance bar second
bending mode frequency far enough below the first bending mode drive mode
frequency that no anticipated contained fluid density can cause the frequencies to
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inertial vibration forces of the bal ance bar's second bendi ng node | argely
cancel the shaking effect of the Coriolis force on the flow tube as shown
on Figure 7. Because 5 the balance bar's excitation source for its second
bendi ng nodW009/0203@ Coriolis deflection of the flow tubepcriigdgitisati on
anpl i tude of the bal ance bar's second bending node increases as the
Coriolis ferce on tjge fl ow tube increases. This provides the sanme degree
of dynani c bal BAER bh@Pesidpsign also has the frepnasciésiotammongh téxhaine Hamnee been
di scussed: thaﬁarh}awgmohagep@h@mebar 10 second bendi ng node frequency
above the first bending node (drive) frequency and the preferred

enbodi nent whi ch h&esighe Dstailsn c The reeasting deseriptiom hasodealtt Wik URS Clesirbg! oW

the first bendeRgongnse [ J Ir ossibility 1s having
the two frequeng?es eaﬁlglg.%el%?iﬁl S %@épg?@a@ﬂ& q‘?ér%[ ﬁ%a’f‘ﬁ%?aé@ﬁg? firste and
best bal anted PeBAIRaMenairive flsquansy. The preferrashembmiiroentias iefaquehey éfitRyv t ube
and bal ance bajecakdbehai ' ' | Seedid . bendin de (which is
now equal to tht& c?al anc%%r&gg%?&gy%éﬂmeﬁﬁgt%@énqWgéj%g'ﬂ’@%%guqﬁﬂés%'m ation
frequency of t ansdy mgterials fig neberyse tmiyedrequendies toeraben slativig e seBend

f1 owi ng nmat er ikahding fRvtRf rddiR 2 WM flow tube changes
with the densi téﬁo éhe f|d;m"?§%3?35€gﬁs?5ﬁg°\k@/@p?épﬁ‘ée 4"?%“&8%&?? Wrlayee

bal ance bar s&tEHIPNLBAHSAHenBeld fall impessiipantiee desjgn fdetailst wWiyeraby khig ligii d
density 2o becetsfplishe€ bl Ns no fluid. This produces a situation in which
the two frequencie ‘gf&ri ve and second bending) match for only one materi al
density. For Iight &he fasterstaat deteimingesgnant frequency ofrevibratiol steuctme are
frequency is pelse\wntiRBrifd Fatd. i i quency and for
heavier materials it Fs gabagéve‘hgwhgd@?@?&geesrg&gﬁgye%ﬁéé@%i ve) frequency.

For light material, e flow tube and bal ance bar then vibrate out of phase
25 in the second bendgng-Coriolis node; for the heavy material they vibrate
in phase in the seqond bending-Coriolis node. Furthernore, the flowreter
sensitivity aflTff/cation varies greatly with material density when the
bal ance bar second pepding node frequency is in the imediate vicinity of
the drive frequency (Figure 9). This shifting flowreter sensitivity can be
conpensated el ectronically based on frequency. 30 However, for high
flowmeter stability, the best design has the bal ance bar second bending
node frequency fanygpgugh bel ow the first bending node drive node
frequency that no antici pated contained fluid density can cause the
frequencil®s to 21 kas@BROa®20 PCT/ US99/ 11774 match. The best design al so
has the frequenci q3_G), 43 enough to excite the bal ance

In order to get the frequency of the second bending mode below the first bending

mode (drive) frequency, changes must be made to the conventional balance bar that

both raise its first bending mode (drive) frequency and lower its second bending mode

20  frequency. Increasing mass and lowering spring rate (stiffness) both serve to lower
frequency. To lower the resonant frequency of the second bending mode so that is

lower than the first bending mode drive frequency requires that the mass and stiffness

of the balance bar be moditied in areas where they have more significance in one

mode than the other. Changing the mass in areas of low vibration amplitude has little

25 offect. Likewise changing stiffness, k, in areas of low bending moment has little effect.
Figures 13 and 14 show the mode shapes and bending moment diagrams of

the first and second bending modes of balance bar 1301. In order to soften (lower)

k in the second bending mode without softening k in the first bending mode, balance
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bar in its second bendi ng node. Design Details The precedi ng description
has ‘dealt with the desired relationship of the second bendi ng node
frequency of the balance bar to the first 5 bending node drive frequency.
The pr ef er xeyoopBRRed ment has the frequency of the second dgansvsig7mnde
sufficiently below the first bending node drive frequency so that high
density materials do not cause the two frequencies to cross. Having the

second bendi g 1304 &tifineagcan oy rékicemin ihesé bfe%h MF&#ﬂﬁbﬁﬂmﬁngmbHﬁs Eg&quelncy
esjgn details

is-a unique situa SOME, WO
wher eby ? his 7&° "iﬁi’ gﬁﬁéﬁﬂﬁg'f’gﬁg’ge@&alh&ﬂn '”Wﬁas‘i %ae@'eeg\qdﬁaPaaag%Pmﬁ%e
r esonant $ I e giesdiyof Efgu]fesvllstundt1l4rsgowmasettw Pcatichs toBS $368dhS1I0BN oWy The
equation for resppant freguenc ere ate NEmass
Iﬂ order to g@?sfﬁ'éeslsr Egﬁ%@f 'iﬂ%¥§t¥?§@%ﬂ%mmWBGBQ%M%#Q%B"M; st
gelndl ng bBDd?fréqirengyE%)L fheeﬂraEan:dnaﬁgeﬁ Flgméd 1B%|ﬁ&dmgtﬂbv¢ huﬁ?QQ?édEﬁVel)D”a:j
al ance bar oth raise endi n requency an
| ower its sec FPdngSHSPﬁaar‘r%"&Be’%@‘%'?‘g ﬁlg}heqe 89%35? ﬁn‘g}kﬁéébﬁ?ﬂi" B\HE
spring ra]Ee (‘Thus, lovesing tllwtsiiffr&sg ugdﬂdcahmll%loé amﬂmﬁmwoesTﬁotl SHieRf tHefmh st h
resonant frequen ond. ben node so tha t han the
first bendi ng ?ﬂ% %PP%@@@@%%WE&V g gfeésaﬁ mwﬁ%k'ﬁﬁ?s1%$ﬂfa§?rﬁ

t he bal ance band 1808hade aihigh uendmgmemwrmdébeunmml@h@déI'Elﬂbflbwaﬂ@e ' n
ot her ar eas | ow vi bration

anpl | {udghacopeiiires SESnr e Sl O paffedPRraLitosoe 1 e iliote onere feeas o
| ow bendi ng nzsvent bbading modbdreqédreyt . Fi gures 13 and 14 show the node
SPoPes and ben SR ko R HREE O o bFred B, P5FCA B g e
node wi t hout inofeasing itg skiffriess irthoée arehs werd inGas@High beaking afonTeht \WaR4102020
bendi ng momer TG RE9S 254 WheftEh285n Behdiad s Hhscbamh g iefle.
second bdadi nzproidee iilbhBigesk 14 shews this ration to ®6 1B0BUAR thspectRA@Gf Fiurdeond t hese
two |ocati Onsa&cﬁ tp'ﬁdl%gtgg tt%@gt Igséﬁ%h 158y\ebra'lar}1%e bar 1301 has a high bending moment
in its first bending mode of Figure 13 and a low bending moment in its second bending
mode of Figure 14. Thus, a balance bar that has an increased stiffness in area 1307
will have a higher drive frequency while leaving the second bending mode frequency
20  of Figure 14 unaffected.
To further lower the second bending mode frequency with respect to the first
bending mode frequency, the mass of balance bar 1301 can be increased in those
areas that have high amplitude in the second bending mode and low amplitude in the
first bending mode. This is locations i and ii on Figures 13-17. Also, decreasing the
25  mass at the line iii portion of balance bar 1301 on Figures 13-17 raises the drive
frequency without impacting the second bending mode frequency. Since, as can be
seen on Figures 13 and 14, the vibration amplitude for the first bending mode is high
at location 1307 while the vibration amplitude for the second bending mods is low, as
shown on Figure 14. Thus, removing some of the mass from location 1307 of the
30  balance bar raises the drive frequency but does not affect the second bending mode
frequency. |
Figure 15 show an embodiment of this design. Balance bar 1503 stiffness is
reduced by removing material from portions 1508 and 1509 on either side of its center
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the stiffness, k, of balance bar 1301 at |ocations 1306 and 1308 has little
effect on the 5 frequency of the first bending node of Figure 13 since the
flowtube is relatively straight and has a | ow bendi ng noment in these
| ocati ons i Wwotone20td r st bendi ng node. - Thus, |owering the BCT/U$994884 and
| ocations 1306 and 1308 does not effect the first bending node (drive)
frequency. - However, as shown on Figure 14, |ocations 1306 and 1308 have a
hi gh bendi ng rFegien elamant { Ae6. s Bis Frisasdhrifiiing frasencyminksslichtywshilenglod@rs the
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t he 30 bal ancﬂrahafremmrﬁ:9&ntiWﬁthdﬁeﬁu@ﬁg@ﬂ% @ébn@'%ﬁduﬁ'é’?noﬁﬁfrfﬁ{e ddife

second bendi ng. node uenc‘¥ %‘@o show an enbodi rent this
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frequency. Th|s can be illustrated by assuming that the central section of the balance
bar 1503 has no mass and.the reduced stiffness areas of the balance bar have no
stiffness. In this most extreme case, the central section of the balance bar can be
completely neglected and balance bar 1503 behaves like two independent cantilever
beams 1511(Figure 19). The first bending (drive) mode shape then looks like Figure
25 20 and the Coriolis-second bending mode shape looks like Figure 21. There is no
difference in the balance bar shapes between the drive mode and second bending
mode except that in the drive mode of Figurse 20, the two balance bar beam ends
1511 are in phase and in the second bending mode of Figure 21 they are out of phase
with each other. Since the bar ends are not connected, their phase relationship with
30  each other makes no difference to their resonant frequencies. Thus the second

bending (out of phase) mode of Figure 21 has a frequency equal to the first bending
(in phase) mode of Figure 20.
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second bendi ng frequency considerably.. Mass 1504 and 1505 is al so added to
t he  bal ance bar 1503 outside of the reduced stiffness regi on 1508 and
1509. This lowers the second bendi ng node frequency further. Mass is
renoved frwodoheeentral portion 5 1506 of the bal ance baCTABBIIIHavi ng a
voi d 1507. Figure 16 shows the resulting drive node shape and Figure 17
shows the.resulting Coriolis-second bendi ng node shape for the fl owneter
of Figure 15. Fi guvhe firgl desigusfeatur hradedthiowienthetsecénd bendinywraods fesquenatyig
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bal ance bar hBaedesndMoving themedal logation kar thepdrave atsignificaoteftact om thecaftectivd

section of th | /818 ths'bals conpl etely negl ected and bal ance bar
1503 behaves F‘p@ t wo |$1%e?oe el%t?' cantil ever beans 1511 (Figure 19). The
first bending (drilvdjguieda fbmaﬁs@et%@m anddiadaricekar Fi5§Arhave ©qadl drive rhdue
Coriolis-secopg atﬂg,r,]g dese ol T
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bendi ng 1r$odea@i?lﬁé@¢ in ﬁ@!’@lumwoﬂhﬂﬂdalnﬁef reyacfiaw tubeguibrati®0 amplitede.wdn tbatrance

bar beam ende.%&ésliar@%aHsm(asﬁiﬂna nws ﬁ&@%@&@% @931@61 Qog“re

21 they are ou hase each |nce are

connect ed, t hE@'P“?ﬁ%é 503, atatigpam F"BdQ\P’ﬁﬁe 220 tisarem Wbﬂatlmlése aArd vjbtaﬂ@r ence
to their resoﬂﬂﬁ'heiﬁﬁe@%ﬂ@w%e rT&wﬁe b&gneeeaNdn #?gmsi'zagbé HEeQ th mode
of Figure 21 has a fre ncy e to the first bending ase rmde of
Figure 20. 2 4vo6@ tigr 2 ep@ﬁt%ggg’/mmane 2201 is located approx:mately half way

20  between flow tube 1501 and balance bar 1503. In Figure 23, flow tube 1501 has a
much lower vibration amplitude (and a larger mass) and therefore, stationary node
plane 2201 in brace bar 1502 is located very near flow tube 1501. As far as the
dynamics of the system are concerned, stationary node plane 2201 marks the end of
the balance bar 1503 spring region in each brace bar 1502. The shorter effective

25  spring of balance bar 1503 of Figure 22 gives it a higher effective stiffness than the
longer effective spring of balance bar 1503 of Figure 23. With most of the spring
function of balance bar 1503 residing in brace bars 1502, a higher flow tube/balance
bar amplitude ratio resuits in a shorter and stiffer effective balance bar spring region
than a lower amplitude ratio. Thus designing the meter so that it has a higher flow

30 tube/balance bar amplitude ratio in the first bending (drive) mode than in the Coriolis-
second bending mode can result in the Coriolis-second bending mode having a lower
resonant frequency than the first bending (drive) mode. This is explained below.
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The final design feature needed to | ower the second bendi ng node frequency
bel ow the drive frequency nay be achieved by altering the spring stiffness
of the balance bar so that it has less stiffness in the second bendi ng
node than i WO08829 r st bendi ng node. The essence of thi sPEBYSYAIT€ature is
that the balance bar is made 5 extrenely stiff (except for the two reduced
stiffness zones 1508 and 1509 of Figure 22) so that nost of the flexing
occurs in brace barhaxbmtiongmpjide mtipfr the ssvemotia isctetermineat bytb@ Sass end
becomes a f unchiffRessdt thd o VibRatgl || | bar
1503 and fl ow tube 1501. The bﬁm@%@r 'f?lgg%@dgﬁﬁ‘?ﬁgﬁﬁg E%Jeﬁagﬁfgﬁl.
This has t he SHRERIONGNtfraayBRciss and they mustior adynemidatiybdlancediiaweametes) then 1503
and 10 concenttn@fdua\ginghgam{sil\,/@gs{,-ge;brace bar 1502 so that the spring is

adj acent to the end nodes. ving the nodal |ocation can then have a
significant effect on the effective spring rate of the balance bar. In
Figure 22 flow tub 0 d bal ance bar 1503 have equal drive node

vi bration anplitudgs.-FHi e 23 shows the sane bal ance bar drive node
vibration 15 anpl\tMd&§ Mp conjunction with a near zero flow tube vibration
anplitude. In both figures, brace bar 1502 has a stationarynode plane 2201
bet ween fl ow tuybe 1501 and bal ance bar 1503. Stationary node plane 2201 Is
a zero vi brat AP B1eJAY oh AoNserystign eEmomeptymbeidsier the flow tube nor the

bal ance bgg. In Figure 22, because of the equal vibration anplitudes,
stationary node plane 2201 is |ocated approximately half way 20 between
flow tube 1501 andyalgnge bar 1503. In Figure 23, flow tube 1501 has a
much | ower vibratioh'anfl®tude (and a | arger mass) and therefore,
stationary node plane 2201 In brace bar 1502 is |ocated very near flow
tube 1501. As far as the dynami cs of the system are concerned, stationary

node pl ane 22Qtkcantelshohdrorntiesd twd IBRs Bt 8ROE0RASH dmPRuEPFAB S hE Fvarsd N
each brach bar The shé) ive 25 spri bal ance bar 1503 of

502. rte fective. (i ng of

Figure 22'%i v@gtjhietng?fsﬁf“é%@? pe @@ﬂ'\?é“%%ﬁ'ﬁ'?]é%%stffMﬁSf%@ myssReEAvRr f ect i ve
spring of bal ance bar 1503 of Figure 23. Wth nost of the spring function
of bal ance bar 1503 residing in brace bars 1502, a higher flow tube/bal ance
bar anplitude ratio results In a shorter and stiffer effective bal ance bar
spring region thama mMpwa,, anplitude ratio. Thus designing the meter so
that it has ahighgr‘ R t ube/ bal ance bar anplitude ratio in the first
bendi ng (drive) nod& than T'n the Coriolis- second bending node can result
In the CAQ olis-second bendi ng node having a | ower resonant frequency than

the first be”‘i‘h@rgfcfrg,rfb?’ @Iaﬁ%q?ar 1-5653 Yo hgveeé( Polwaeir r\}%gat%%la?nv%litu%% tx\g\ oov{/ ?u%%zo

1501, the balance bar needs to have a higher mass and stiffness than the flow tube.

The drive frequency is raised above the Coriolis second bending mode

frequency in the following manner. The vibration amplitude ratio in the first bending

25  mode between flow tube 1501 and balance bar 1503 is made high. This is done by
making balance bar 1503 and its elements 1511 heavy and stiff compared to flow tube

1501. The result is that the stationary node plane 2201 in brace bar 1502 is close to
balance bar 1503. This makes the spring rate of balance bar 1503 (in the drive mode)

high. In the Coriolis second bending mods, however, the amplitude ratio is reversed.

30  The tlow tube Coriolis deflection amplitude is low because it is not being driven at its
resonant frequency by the Coriolis force. The balance bar amplitude in the second
bending mode is high because it is being excited by the Coriolis deflection of flow tube

1501 at or near its second bending mode resonant frequency. The flow tube/balance
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PCT/ US99/ 11774 The vibration anplitude ratio in the drive node is

determ ned by the mass and stiffness of the two vibrating nenbers. If flow
tube 1501 and bal ance bar 1503 have equal resonant frequencies (and they
mustfor a wigoaemomal | y bal anced flowneter) then the fol | BEIHEPIAEITAL i onshi p
is true: 5 FKt Kbb Mob Al so, the |l aw of conservation of nonmentum hol ds:

10 MV, MbVbb It can be shown fromthese two | aws that the vibration

anpl i t ude r atoao vibsatiohempitetesrtio Irb thaf Coiiatis rsessnd mamgamdd@hmugw ahbe mass

d ff
Ther of ore, - 1 PSS SraBnahod8 it Boing dosids 10w TR s mkRRn han
fl ow tube 1‘.’aﬁlla,nce bar émingsmaeatwaiy loveeatsd the baaves nadrfspgh@ratmsﬁt nCo M?ﬁdllgf nessd
h he fl tu ncy,is ra ove e rio secon
bendi ng mode SopiEReTge Fpden 8 IRGRLR e ekt Bendias Tioge e SiopiTie e
rati o i n 5 he Gdriokg sérmmdh |Umdg1§5nowwnbmafmnbarﬁblﬂuﬂd lgiﬁe ls'LEIGerﬁman @r'eaét El e ba[
1503 d e al. a ar nd 1ts el ements
1213 heavy. afbeatsa o dnatet ARpUCHe FR BHuoR FERE rRRimid and oW et e
stationary ndieiolid mnamhdmfg rlgmclm;mé)a%laﬂidiﬁan @rnﬁb@?ﬁndfﬁresi@l@h@ﬁ%ehﬂr 1503.
hi k anc ar I n e drive
ThT S mkee,  hSg3PArk M Tuf Bt hRES o i Codi Sats Sk Ao Tl
rever sed. 30 ehhkle$ trensdcobe béoding hictlede factally nan/eaamlwet trd@en%?/ltrcsw thegipgse it

I s not b resonant frequency by the Coriolis force. The
bal ance g%{j%?'&g\éé F’r?tdghe second bending node is high because it is

bei ng exci t ed by tlhesu@onarg] iheralafd ot |del|gaffeitbme/thamcharéc5&lzeaﬂwe re§@ar its
2o oend AR BB b B B B G Al ofee F e
second bendi rgntraldegiors1306uThistowerathe hammébSrsjeDoﬁd’tferﬂtr@tremahMrdmdﬁc;m anes
being close byl g3k pifertaRd 1508 ks TEYEShidH e flexible and have a low spring rate.

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

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

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

30 The preceding described embodiments of the invention have the form of a
single straight tube with a parallel balance bar beside the flow tube. This has been
done only for clarity of the inventive concepts. The principles and design features of
the invention apply equally well to a single straight tube Coriolis flowmeter with a

27




bal ance bar springs relatively long and the bal ance bar spring rate low in
the Coriolis second bending node. This |lowers the second bendi ng node
frequency. The 5 Coriolis second bending node with the |low anplitude ratio
i s shown i nMAYORBO24. Because the vibration anplitude r CTHSIRITHgh i n
the drive node and is lowin the Coriolis second bending node, the bal ance
bar springs (which reside in g:r,ace bar 1502) are stiffer in the drive node
than i n the CAONGPTEC RlansePasigiago)asave! asio eingle nutved tubellowsets (Figieadi ng

node to act ualdey with\eendertf\BilahdELEBMEN The Brréﬁ‘@mfb.bﬂﬁenlg]%th%@:a!eg% gﬁtve

node. In sumTﬁr%/ there are t1;1’agaur demg,g eat ures that charact
present i nverftPQHth ppRegntricihalance bar plfigurgr2ss dfigure5hand Rigare 265 faretinibed on
bot h sides of Have thedsiricelbal REAtPAlf fdrhied EBI r?wf"d e cond
bendi ng reéonin{? fre usan%' This is done 6'3‘“2 ene“?lttuggl%'ggég%g‘ fgﬁ‘@eéﬁi ch
are flexibPe angefiiRes] apdRostisompgctemhodimert SEhesansitivikenmassingbalandedace bar
1503 |'s reduce0Bindregsesdamtsenkitivigdb e pERBWAGS its JH&E@%?%%! ARSI

’ [

outside of th reﬁ%ﬁed stiffness regions 1508 and 1 MEa G ed™s he
drive frequenegf’”a MYRRIEES  t he bal ance bar second bending mode frequency.

Third, balance bar THS&R@bbdimBACS Fijuid 35 iiseirﬁiiaﬁtohﬁétfaf?Isg%f%r%r?zéé&%%tﬁfﬁtg@egf

much of the s%ralaﬁg Ef %bg.vi brating, structure occur ace
This causes 202CHE® BAT<C WACCURF Pitlyard syrfavadsflawtube 26t Balancediar 86031 t he
vi brat i on1@nplis santectedtat ks emitByaRscd s éé@é’\fotﬂégﬂuﬁé‘gséfger%%ﬁan@épf

e a ance

Fourth, the r Ia.gilve rﬁs% 6$d %}'i ff nesses of flowtu
bar 1503 is sUhPIAER RA&OS07 F 19Nt weightAue;te yald 3687 Sections\2508nd/2589 anx e
bar) is hi ghenf edutoestifriees. Bariecs ban2503 4156 h&9hEM ﬁa§§8@%n¥§e§§§4”%gd mode.
IR e R R N R L
ne(r:]essar y toembpbimenaot Eigﬂreilzﬁﬁsmitéeﬁé sy’d:oﬁ@.BéﬁuirfgﬁmBQe ﬁéc‘itfe?\EY Bf*'b%lat?ﬁgﬁ'hrt : ;/i ty
enhancenepg o er_. enbodyi n e present 1nvention. i s
only nec eggs ar %sﬁ%togé) ﬁ{)‘%@bﬁf'@&@ﬁwyp ?rﬁ@@%g‘@a&?ﬁ%@r ') frasygeey anderovdemce
bar 1503 secott® sameiadhgntagee forfneeydesttiped for ki &ﬁb%bhﬁ‘ofq‘riﬂzdﬁés ?é-@ﬂ.uepcy- 30
e formof a

gl e Stral oht T LR 2CrUISches A BATRRt AR BAISEd: Hest wepsato thabet Thi s
has been  donEigord 36 éxseptdhatifiowyulis 2600 @nti ity SMFGURIINGRBACEHTo baldHee PR S6gaP! €S
atrai gnt tubore et e iele B ERG b e BB PG nshiadtelathpuenseaiber
20 2616 from which they extend upward until they make the transition from vertical to a
horizontal at areas 2617 and 2618. The center portion 2606 of brace bar 2603 has
a low mass area 2607 comprising a void and elongated elements 2608 and 2609
which additionally have a low spring rate. Elements 2604 and 2605 provide additional
mass in the same manner as do elements 2504 and 2505 of the embodiment of
25  Figure 25 and in the same manner as do elements 1504 and 1505 in the embodiment
of Figure 22-24.
On Figure 25, meter electronics element 2420 applies drives signais via path
2423 to driver D which cooperates with an adjacent magnet M to vibrate the flow tube
2501 and balance bar 2503 out of phase with each other at a resonant drive
30  frequency. With material flow in the vibrating flow tube, Coriolis forces are applied to
the flow tube to deflect its left-hand portion out of phase with respect to its right-hand
portion as is well known in ant. These Coriolis deflections are detected by left sensor
SL and right sensor SR. Signals representing the Coriolis deflections are applied over
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concentric balance bar (Figure 25) as well as to single curved tube
flowreters (Figure 26) with concentric balance bars. The preferred

enbodi ment is the single straight tube with concentric bal ance bar of

Fi gure 25.wdome20® 25 and Figure 26, for clarity, have tkhertssbarice bar
front half renoved so that the flow tube can be seen. Figure 25 5 Is the

si npl est and nost conpact enbodi nent. The sensitivity enhanci ng bal ance bar
2503 i ncr eas @sthist2424 angi242Qito yneter eidutropins 2420/bich proGesses tHedgighaldin the val

curved tube Q. .. 1h odiment of Figure 25 is simlar to
that of Fi gufé‘g‘;dfg%’ﬁ"{eéfgég‘?tg?h%ﬂet%g”?ﬁ?r gg“B Injag® e lIWingBAIeRL v ¢ h
and sur r oundJhislinfarmatian i25plieBal patic 242han@®FRAY inclilel MateARINRALIRY nidtedd) s ends

by brace bar f fube,2501.  The center portion, of the bal ance bar
2503 i s Iigh'?lo‘&grlgg Ee?"du??‘\t/\%'b@%i%%é%‘f Bsg%‘t sgper Shnd Hapt fswraﬁ@ eag
reduced sii f tompase thalcaifaghet padSdith the stagnats beildedbsighaedM an@ Bttscheadd and
2505 corresp J ' t 5 d n Fi es 22-24. This design
of the enbogfb?rfilegnwturgg p%’g’ﬂ?{e; ‘ﬁ%%‘Eﬁh«ﬂé”ﬁ’%gﬁwﬁﬁ%}?@m@%de frequency
oL bal an;:e bar 15TiRS@Bkodinient sif i Eiguroy26 cs/ven(fjnnahmsédswatéa rvﬁt’hl aegwcﬂanig@gef
rive) fre r sane,_adyvant ages,for oer SCri or
'Ehe em):)odi rrglréﬁ ’Hﬁe}ﬁt %usﬁggx&ggéﬁa}agﬁ tadpgteég}/eaﬁg@?%égéo.e %&%}‘P@ﬁ!ﬂ%ﬁ his
simlar in mbigure 86 sircilslythastahariveoD, fai lghtirsenddr Sixaeph righfiseridoP SR (02601

dit ' ' 03 . not_straight but
st ead, r o MO BTN B Fiofirs 2 SRRSind o e yalea R e Pabierssdo 2616
from whi ch t theypreserdatiprugfiigure 26t i Ih thik eiewymkiy théneft magrest M agsociated withi t i cal

to a horizon enter, portion 2606 of brace
bar 2603 hasEaﬁ?#%\'ﬁﬁ%%@é%%%%@%ﬁ%ﬂﬁy M;asgo?}%tfgwgﬁﬂ"\éqré@%%&wé'gerrent s
2608 and 260@nd theiright-harti magnetM gssoeaiatedavithsensgSR@or stioan) lag beséen 8604 and
2605 provi de%%'éé.onal mass in the sanme manner as do el enents 2504 and
2505 of the enbodi ment of 25 Figure 25 and in the sane manner as do

el enent s151504 andlt iB30bejaxpraselysnberstandribat thé clgimad invetdioR & ndDio B fimited 25,
meter el ectr g4u | ' ' ' 2423 to

ri ver D whi Spe SosPABAL! 36 pbrERR SfiBodiein Shebifhedsdd AnpAbEGRIoRt o
tube 2501 aRfdplgratiens Within wezope andspiftefdee inventivemohcepther at a resonant
drive 30 frequency. Wth material flowin the vibrating flow tube, Coriolis
forces are applied to the flow tube to deflect its |eft-hand portion out
of phase with respect to its right-hand portion as is well known in art.
These Coriolis deflections are detected by |eft sensor SL and right sensor
SR. Signals representing the Coriolis deflections are applied over 28
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WO 00/ 02020 PCT/ US99/ 11774 paths 2421 and 2422 to neter el ectronics 2420
whi ch processes the signals in the conventional nmannerto generate out put
information pertaining to the flowwng material. This information is
applied to paxe020204 and may include material density, nmatPeriu&»9111MMow rat e,
etc. On Figure 25, driver D, left sensor SL and right sensor SR each 5
conprise the caoil/magnet pair with the magnets bei ng desi gnated M and
attached to tR&AIMBL t ube proxi mate the coil SL, D, and SR of each

coi I’/ magnet pair. The enbodi nent of Figure 26 is simlarly associated with
an electronics elenent (not shown) conparable to nmeter el ectronics 2420.
The enbodi nent of i guAdneibodiofpperating hé?@rlall&ﬂqwmteﬂwamg eﬂbwmbes(QSOf:)L and

a right sensor a§ka @ﬁ‘ahcé‘@ér (é@O@fH?Mﬁt)ed'sﬂbétQﬁla\ﬂy ﬁWaﬁ & E&p fl? lgb ﬁnﬁaﬁ?re 6.

flow tube vibrates in a plane transverse resen
In this view BRYiRgbI3ge Pé'fmewg@éﬂZ)l\fpamhmmwbahm baydasaid fISk t(rntsaighown)

and the cent er mziyaRlonprising ¥d fbpslopv th driver D (not shown) and the
ri ght - hand magnet M assQci at ed wth sensor SR (not shown) may be seen on

Figure 26. %15 It is to Bewiegpateral hrewohesaid iaydtubeat t he cl ai ned i nventi on
is not to be linited tOideﬁﬁg@Qﬂqro‘mpﬁJbQ'&anba ahBe B\%\f{)ﬁrcﬁ%ﬂﬁ?mﬂg n%:ltdt%m

enconpasses ot her nmodificatijons alterations € ScC
spirit of the PRy Ecﬂﬂ‘!ﬁp’POdezgam @odriveofrenuensy mstmms@aaumme 1. A

net hod of oper @lsbidht Are@sric)lof Saibl InPNERd! Bl ﬁ{echﬁaw &PFQP&%Q btapal?lg? f;31501) and a

bal ance bar (2503) oriepted substanti al sal d OW t ube and
further having brace bQF”ﬂ%H%"Q%@Q‘)O"F@ﬁ'%'Qm inrRpics Wbrating: flew tubelhaving o
said fl owmubesa;@macbnanmvhod conprising the steps of: 5 flowi ng materi al

t hrough said flow tube; vibrati n% said fl ow tube and bal ance bar out of
phase with respect to &2dpegedier ‘?’H’"%d&ﬂ?@'@"ﬁ@é@ghﬁ\ﬂfﬂf@efmdrbwegfonecpjency

substanti al | y dsfieafior a5 Mil&as ,ﬁ@g@nﬁnﬁlgfm%ﬂg&ﬁﬁ of said material filled fl ow
tube and said bal ance b i nduci ng_'as)rg odic Coriolis deflections in said
e i

vibrating flow tube hav ctarzed method fugher includpsghe seas of: Cori ol i s
defl ections bei ng char anteding €bribs (6D defectiOhs in said balance bar at said drive

15 frequency in response to said Coriolis deflections of said flow tube:
said Coriolis like deflections having the same number of nodes as said
periodic Coriolis deflections;
said Coriolis like deflections define an induced mode of vibration of said
balance bar having a resonant frequency sufficiently close to the frequency of said
20  periodic Coriolis deflections to incraase the amplitude of said Coriolis like deflections
in said balance bar;
said Coriolis like deflections of said balance bar having an amplitude
proportional to the magnitude of periodic Coriolis forces of said vibrating flow tube with
material flow;

25 detecting the velocity of said flow tube with respect to said velocity of
said balance bar;

generating signals (SL, SR) representing said velocity of said flow tube
and said velocity of said balance bar; and

deriving information (2520) regarding said flowing material in response
30  to said generation of said signals.
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defl ection as well as nodes having no deflection; characterized in that
said nethod further includes the steps of: inducing Coriolis |ike

defl ections in said balance bar at said drive 15 frequency in response to
sai d Cori ovbsoekefd ecti ons of said flow tube; said Coriol PeT/Us%A1MEf | ecti ons
havi ng the sanme nunber of nodes as said periodic Coriolis deflections;
said Coriolis |ike deflections define an induced node of vibration of said

bal ance bar having. a rimanethod bf elgireh ehersint Said isept dfyinduchrysaiddColgislikgquency

of said 20 pgriodic.Corjoljs deflectians tpo increase the anplitude of said
Cor ol i's 11 kaeHeRPE indlides'he <fe o toabaiRg saklinduicad gogs hgrdns| haying a

defl ecti ons oésmantfrdzpleacclesdihanisaid driye#egaendyi t ude proportional to the
magni tude of periodic Coriolis forces of said vibrating flow tube with
material flow 25 detecting the velocity of said flow tube with respect to

sai d velocity of 3sai d’Heahethcd obelaim yherei saig stapdstahducnglsaidBriolis like

representing id. vel.oci id flowtube . gnd said velocity of said

bal ance bar; d%ﬁécqgégi'r\gcﬁdn%#itﬁ% osf%ﬁ?tl Bqucing 58 'r"gb%ﬁ‘ﬁf"ﬁae é’ﬁ%’at?qfﬁsdwm a

materi al i n resmpantfeequelcy grestar thagesait drivedreqaéncyai d signal s. 30 WD 00/ 02020
PCT/ US99/ 11774 2. The method of claim 1l wherein said step of inducing said
Coriolis like deflections includes the step of inducing said induced node
vi brations havi ngéa rwanethod bf elajore heeleirs saitl istp of Mdlcthy said Conslisairey. 3.

The met hod of j [ej i d. st f_indycing said. . Coriolis. |ike
def | ecti ons idﬁﬁ%ﬁfgg'ésh e gﬁ Ié% sg% ?fnlﬁ‘ﬂﬁﬁﬂﬁ sgid @Hf"fﬁ’]ﬁ@@ae HRiRtIQRS f1aYindom s
havi ng a r esestantt fregoensubstantialtyssquehiarsaibdrivedrequendyt equency. 4. The
met hod of claim 1 wherein said step of inducing said Coriolis |like

defl ections includes the step of inducing said Induced node vibrations

having a resonan$. fr deenethod abslaiemt iwhbtejn sxidialeptod irsiatidg dibratoné irespi¢ncy .

5. The netho j | i t : I (bratiqgns.in said
bal ance bar %f%glb?}ngsé@\é@a?ﬁéeﬂgﬁa)&oﬁ egt%ng'}%n(# fégéé% 6’?‘%%%"’?8@%@??0%&& sai d
periodi c  CotGasiclisdefiselienstftapmsaid flowntisze throuibb aitl biesetttar busgid baladcebarde bar
to said bal afgf-B3hidGbriolis like deflections in said balance bar.

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

. 7. The method of claim 1 wherein said step of inducing said Coriolis like
deflections in said vibrating balance bar (2503) includes the steps of:

inducing said Coriolis like dsflections in said balance bar (2503) at a
second bending mode having a resonant frequency substantially equal to said drive

5 frequency; and

operating said balance bar as mechanical émplifier by inducing said
Coriolis like deflections in said balance bar at a second bending mode resonant
frequency of said balance bar at an amplitude greater than the vibrational amplitude
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i nduce said Coriolis like deflections in said balance bar. 6. The method of
claim1 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 O¥@PEM00Ns to flex a first end of a brace bar RETARIY(1ZH02) ; and
5 flexing a second end of said brace bar in response to said flexing of
said first end to induce said Coriolis |ike deflections in said bal ance
bar. 7. The m&f 58l GPriglisaneflectionsepiesaid Slawdtubeeas said peringtii Ggrisiisi deflBatiorl i

li ke defi@ct if@ggendy. sai d vibrating bal ance bar (2503) includes the steps
of : inducing said Coriolis |ike deflections in said balance bar (2503) at a
second bendi ng node having a resonant frequency substantially equal to said

drive 5 requencys andiannsmbilom d hansFcihg 85 N85 B RhedbuAgRhd | | o1

by i nducing s . Cori.oli i ke deflections in sal ar a Second

id , |
bendi ng rode %ﬁ%‘&?W&ﬁP""Q Pgﬁﬁlé relaneg bar2§0%)fram saidibatange bantocsajsl brace bar
greater than sanyiZ802) toRMer a8BEIHd ARG m&.@&%@.@ﬁﬁ%f&%ﬁﬁ%@ﬁ%@

said Coriolis, deflections of said flow tUbe at sai

deflection 18%requency. 8. The nmethod of claim 1 further comprising the
step of transferring the effective spring of said bal ance bar (2503) from
sai d bal ance bar to said brace bar nmeans (2502) to |ower a second bendi ng
node resonant fredtenc Sfmg'%'f’e %&'ad'ﬁcbfurﬁtﬁf.compﬂﬂlh@ the stepdofolbweting thel

further conpr resongntt freyueh@pofofaid MaREed Gibtdliens bE | d
i nduced vi br at 'Qpb nce bar by Ig%er?ﬁg%taﬁgéé g?ﬁ‘@gtﬁ%\?gﬁ%gﬁ ng of

{'éoc':\s, ofrisalfd
sai d bal ance BSY"VeGP"IHR P& aim 9 further conprising the step of
| owering the frequency of said induced vibrations of said bal ance bar

(2503) by the provjsion, of | east. _one flexible portion of said bal ance
bar together with @rs‘ne 3#’8\)7@?’8% °gf°?§"ﬁc? copssing dn aleporf lgwelingathe one

ot her porti onfrequenay df $=id imdoesdbratidrs of EhiR baRINBOBarqb56d) BY Melrolikibh BELt

conprising th te f. providi voi d 2507) in at l'east ‘one portion of
said bal ance AR orpiexiplep %‘%a@fb%wﬁ%i‘%@w% thaipmovislemefdnareasadi ses

the step of mass (2504) on at least one other portion of said balance bar.

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

12, The method of claim 1 wherein said method comprises the step of
lowering the resonant frequency of said induced vibrations of said balance bar by the

provision of flexible portions (2508, 2509) of said balance bar at locations of high
bending moment of said balance bar in said additional mode.

13. Themethod of claim 1 further comprising the step of maintaining the end

nodes of said vibrating flow tube (2501) and said balance bar (2503) in said brace bar
(2502).

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

provision of stiff sections (2511, 2506) of said balance bar (2503) and flexible sections
(2508, 2509) of said balance bar not comprising a stiff section.
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| owering the resonant frequency of said induced vibrations of said bal ance
bar ‘by the provision of flexible portions (2508, 2509) of said bal ance bar
at | ocations of high bending nonent of said balance bar in said additional
node. 13. wbeommidrod of claim 1l further conprising the sPepus#/1H®nt ai ni ng
the end nodes of said vibrating flow tube (2501) and said bal ance bar
(2503) in said brace bar (2502). 14. The method of claim 13 wherein said
step of mai ntaini ng. cofipr metwdt dfeciaipr bwhsredm sald Géridiib iR Aoflédioné b sdid 2506)

f -sai d bal 0 flexipl t] . 508, 2509 f i d
oot Doy et R of Ak BeRSL GERs B50B0 5 Skl L.
15. The nmethod of claim1l wherein said Coriolis |ike deflections of said
bal b f ' Lodic .Corialis, deflecti . Qf id
low tube. 16, Tndbmet Fburainol b'ab¥ P EHGRR Saftiiys] dfed Smbtitsrr uds o
first bendi rpndingencdechngdwiezein saidiinbucad vibeations bf sdtid balanes barabriphisd thece bar
conprise the 938’9&)9&“’?’?@'%89Pﬂée)aq‘&@%"%%aﬁﬂd’obal ance bar. 17. The nethod of

claim 16 further conp wering the resonant frequency of
sai d second bendi ng node of said balance bar by the provision of a center

ortion (2506) of jsai n | exi bl e .portion 08, .2509) on
gach si dt(a of )sai d@énﬁa&ab%ﬂfbﬁoﬁa%ﬁl%sgq g"&'ﬁ §ﬁ%@"f)'§9 ﬂ?%ét@f’gér%wrﬂg ﬁza
provi si on of reSoriantirequeady ofseii senomhindndingteods of saiddhalaens bar byand provisioh8. The
met hod of cl gj lokdrs L HCL: ' | r '
resonant f re?]dJg]nc(]:e;ﬁ/tefcgk5 ngmzid&igﬁ%ggﬁ%ﬁﬁ%g%o%gs éoﬁ&ébi% B°@\§EQ§E’§- %@9(}(’2503)
by the provieschrsidsf off said ternter pastion ohsaid PEl@Brce RBOWYether with dhéoplomision dfar  at
| ocat i onsgof ;hi ' S ce bar and increased nass
(2504, 2585) iﬁ%@%&oeg;rﬁ?%nés}ge@%?fg a.@%?ea.{b%ﬁog.r anplitude in said second
bendi ng node. 19. The nmethod of claim 1l wherein said Coriolis |ike
defl ections induc i ' el se . Wit e periodic
Coriolis deflecti gg's ghezlg’kfglop ?)hvavgﬁbééﬂn?gf: ﬁ‘)&"”@é‘ﬁ?ﬁ? ?%g\%ﬁeg\ﬁ&rjg’wgﬁn%%' ng a
fl ow tube (23ed9naatitipquency of said e¢cond bending enddal of Shichizalamch dhaa(2503)kay the2503)
oriented sub i t [ I . d race ba 502
nmeans for co 6@{)%8@?2?13)9@%343@@5%@393% (gv%ﬁt'd(;gvg]? ﬁ e?argagﬁag%ﬁ 8f P@ﬁ :
fl owret er f urhendingdaementsif agid balance bar anshinsreas)d mass (2504 42505 atlacations ow
tube and Bal affynRasrafiHal Rip0&S A said second bending mode.

19.  The method of claim 1 wherein said Coriolis like deflections induced in
said balance bar are in phase with the periodic Coriolis deflections of said flow tube.

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

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

characterized in that said method further includes:
periodic Coriolis deflections being induced in said vibrating flow tube
10  having said material flow;
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with respect to each other at a drive node having a frequency substantially
equal to the resonant frequency of said material filled fl ow tube ‘and said
bal ance bar; characterized in that said nethod further includes: periodic
Coriolis deMQ®¥OrREAs bei ng i nduced in said vibrating fl owPCERBSIYIT4havi ng
said material flow, 33 WO 00/02020 PCT/ US99/ 11774 said periodic Coriolis
defl ections being characterized by regions of deflection as well as nodes
havi ng no defl ecti on; né&ﬁ’sp?"mzs%of'@i\s defi@atiinsgbaing icbarastelizdd: byl eédiens obns

in said bal ancgen@ﬁon%m"%gin@dgpﬁ;mdﬁoaéf{egﬁg{af | ecti ons having the sane
nunber of nodes as said periaodic 15 Coriolis deflections; said Coriolis

like deflections definemARNSAeRA2} érrrirdusingfCariolis likd daflecfionsai daid halance babar
having a resonith shkdasHNs Weefibétohs Rhi | uency, of . sai d
periodic Coriolis deflections to I nc?%\g%{%ﬁ{e%?ﬁ‘gn@frﬁ@dg%kéﬁ < %Y%?rfoﬁ S
|i ke defl etk i ofr@nolisfellgetpnsal ance bar; 20 said Coriolis Iike deflections of

sai d bal ance bar havi ngsai GoiBlid ltku%ﬂed?ibﬁé)&éf’r.ie%ﬁﬁqb&% thiapﬁ %ﬁﬂéﬁg{r@gﬁ sﬁ[dow

peri odi c CorioLis forces on said vibrating Tl ow tube
means (SL, SR) Pfigpeeipardiaving s repenantfrequengy sufficiantly dlossiotsaladraguencyr e spiet t

to sai d vel oci pyricthc Gévidlis dafiath ; ; ; i
signal s repr esgﬁrt| i.({lc:?%sai sj?#eri ggﬁ %%&?%gltﬁgaﬁgg%%g%@ggﬁhsgg%](géf@f%%%t ube

and sai d Cori ol ¥R¥B@HAecti ons of said bal ance bar; and neans (2420)
for derivigog materi al f k&g Gorofs ' jidhal ind,,; I at. of
_ W détRclidhs &%ﬁﬁf%@%&%ﬁ? h%m&%ﬂ%g?ﬁ#&@%s (D)

said signals. 21. The Ct:orl olis flowyeter of claim er ei n”sai

for vibrating PORPYORA S themagpitydg af perodia Caridtisifotses on|saldevibtafingfiaw abe i n
sai d bal ance bwith watdtiapfisvt | nduced node of vibration having a resonant
frequency |l ess than said dri frequency. 22. The Coriolis flowreter of
clai m 20 wherein said nf%A8s {%’ SFS?W dpieeting the velogitiofisaldtioncubmwith respeets

sai d Coriolis {oldatl viddditgot saidbalafceéBard bal ance bar with said induced node
uency greater than said drive

of vi brat izgn havi ng a resona&tl_oéﬁgg are , . _
frequency.“23. The Cori B¥°RES Egengtating signalsrepgsentingsaispetodie@orolis D)
for vibrating deflections of said flow tube and said Coriolis like deflections of said balance bar; and

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

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

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

induced mode of vibration having a resonant frequency greater than said drive
frequency.

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

induced mode of vibration having a resonant frequency substantially equal to said
drive frequency.
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sai d bal ance bar induces said Coriolis |like deflections in said bal ance bar
with said’  induced node of vibration having a resonant frequency
substantially equal to said drive frequency. 34 WO 00/ 02020 PCT/ US99/ 11774
24. The Cowiookoso2é | owret er of claim 20 wherein sai d nmean®ciso¥iar74vi br at i ng
sai d bal ance bar extends forces indicative of said periodic Coriolis .
deflections from said at |east one flow tube through said brace bar neans
to said bal ance ba24.t o Thederielis ffwwrrietenef cleims0l iersif ebitiewdane (5) fofvismtisg

bal-ance bar. 25. . T rrolis flowreter of claim 20 wherein, said ans (D)
for inducing Sg'gib&n%éi??%f ?’geiﬁ?ﬁj@%&gf'rl“g%%vaﬁgs?'ﬂ pgﬁ?ﬂ%&f'ﬁ'ﬁc@%ﬁﬁtfongﬁ%s
ends of sai'd fshidwtbakte:nialﬂowmdmibrmghsaidbaicdbpemémﬁtosﬁidlb'a?hbél()jﬂﬂ?IrﬂQbeé ons
to flex a first. . .Sal La.and fl exes a second end of sai
brace bar in ?é‘gg%g'é’gg PRZeadSe 'iegﬁq?\%g@ﬁﬂa bS%"Q%FJa’- 5 first end to induce said
Coriolis Iike deflections in said balance bar. 26. The Coriolis flowreter
of claim20 furthet- compri-si. n 8 2509,. 25Q7) for_l.owering the
resonant f requencsé Bt rsﬂg.la(?s %"ﬁ%@ﬁ“ﬁﬁé@%@%‘m@ﬁ'ﬁ{?‘%ﬁa'ar'}e%‘ai(%) fBé’PQH‘_ﬂgg bar
to a val ue appaidxCoriddie liké aefledtiossiiird saidi hatarfcocmn diorgs eRds ofTseid @owi tabé sn
fl owmet er of [ ' el s..for Loweri C i ses added nass
(2504, 2505) ?%S%Pg%?zg’nss oée‘?h%ﬁ@aﬁﬁﬁ?'f‘egn%ns ‘8#45”5"[?&]8"‘? of S pracept 819 s
| i ke deflections and cdiexes essacoht erd bt saigionateé barsn (63bose t856i8)flefiﬁg sflasall;ld
bal ance r ti.Qn f. . RLgh. hendi qmoment . of said Coriolis |ike
defl ect i 025:. ggt la%gou 8Lr"?seo |'quPﬁ$c}ﬁﬁ§?gfﬁ%qwﬂf Qﬁﬂ%'ﬂﬂf& 'n said drive node
conprises a first bending node and wherein said i nduced node of vibration
of said balance b c I b i de. 29..The Coriqli.s
fl owmeter of clai ?né628 mr%ﬁﬁ)ﬁggf’%ﬁ%g%gosf C?%'% %@B%&om?rﬁﬁw%@eaﬁ% a_ses a
rigid center R609,2507)f26l0@pringitteaesmadtfdquansy ¢f254ndiuzsa Modernf vieetionsf de  of
sai d means { oPapigalien baFto uid Wit b BV sBle il (250, 2500)
of said balance bar at locations on either side of said rigid center
portion. 35 WO 00/£2026BCdldp Yodmblet of claim 26 wherein said means for lowering
comprises added mass (2504, 2505) in regions of high vibrational amplitude in said
Coriolis like deflections and comprises flexible portions (2505, 2508) of said balance
bar at locations of high bending moment of said Coriolis like deflections.

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

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

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

further comprises flexible portions (2508, 2509) of said balance bar at locations on
either side of said rigid center portion.
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31. The Coriolis floweter of claim30 further including wherein said neans
for lowering further conprises a void (2507) in said center portion for

rai sing said drive frequency. 32. The Coriolis flowreter of claim 29

wher ei n saiMOPVEM0b| e portion conprises bellows (1808, 1BORSBB74 The
Coriolis flowreter of claim27 further conprising neans (2508, 2509) for
reduci ng the effective spring of said balance bar to reduce the frequency
of said induced nodle ofThgiGsriatis fiswmstterohicldinb30 fumber ihaludingwherBirsaheats S

fl owmet er of Wi LSl . 2509, .2504, 2505,
2507) for cc)nf(.:\derﬁlytwragt'ta |8;1l];1m|‘tre hﬁ@r}& gg? iw\)/'g (és]‘%)z ?ﬁ%ﬁ@&ﬁt}?gorg{m ‘%éfﬂst'"%?‘?éd Ay

tube and sai dffB@4e86¥e bar in said brace bar. 35. The Coriolis flowneter of
claim 34 wherein said means for concentrating conprises stiff nenbers
(2511, 2506) on said bal ance bar and flexible nmenbers (2508, 2509) on each
portion of said balZancdh®drorigls flowmatersofglaimse9 f wherenbeaid fB&iblelpertGor i ol i s

fl owret er of @@ﬁgeg(geﬁmg@gbg,q@@gﬁisi ng neans (2508, 2509, 2504, 2505,
2507) for maintaining the end node of at |east one flow tube and bal ance

bar in said brace bar. 37. The Coriolis floweter of claim20 conprising a

substantial ly stra3ght loRvolis sy t j tral
bal ance bar {250353.3938Th_él'ho§w%’({‘)ri Olrfné’é?l&%s\lﬁ@?g? fg Cﬁ%ﬁﬁﬂ%bz %ﬁ]’sﬁ?ﬁﬁ% a

flow tube (268709 fRlviedycing the eiactivesnringsi spiddmincabdr to reducentbe fiaguer(c¥603)
having a cur veidsaRrintictd medsldivibraion of 38ideRlidrdbiay,f | owneter of clai m 20

wherein said i nduced node of vibration conprises the second bendi ng node
of said bal ance bar. 36 WO 00/02020 PCT/US99/ 11774 40. The nethod of claim

1 wherein the step4of TR QSHOE fFo i QL [ | j [ i d
bal ance bar igscl ﬂgﬁeﬁs%t he steﬁ of inﬁe&%éfﬂﬁéﬁ?gf oG %gﬁ%égpésa@é"&?g@'i ons
to i nduce sai<P® €650 de0 g forgppeantrating heeffaeiva springmi aaitl af Isestves tiyw
proxi mate saitdbélahd Saililb@RANES BXr in 4did blake Bkt hod of claim 1 wherein the step
of Inducing said Coriolis like deflections in said balance bar includes

the step of inducing Coriolis |ike deflections in said balance bar with

said Coriolis |ikesdef tisConansiisiahéter 5iaiann 3i WRHRRT] Sarﬁﬁor%@n@étﬂ;d-tiﬂg of
sai d bal ance bar .hawpfg a resorb%qt frequency |l ower than the trequenc
comprises stiff members (2511, 2506) on said balance bar and flexible members

(2508, 2509) on each portion of said balance bar not comprising a stiff member.

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

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

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

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

39. The Coriolis flowmeter of claim 20 wherein said induced mode of
vibration comprises the second bending mode of said balance bar.
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5 at which said flow tube is vibrated; said Coriolis |ike deflections being
out ‘of phase with said Coriolis deflections of said flow tube and havi ng
an anplitude proportional to the magnitude of periodic Coriolis forces on
sai d vi br atvongofokow t ube with material flow 42. The Cor poriusyfiitanet er of
cl aim 20 wherein said neans for inducing Coriolis deflection in said

bal ance bar conprises: neans (2502) for inducing Coriolis |ike deflections

i n" sai d bal ance bao. wihe nsathed Eloglainl 1 whbidiethdahdeettinutinglelid CoAdlisalke

I nduced d £ Vi i on. of i d _bal ance .5 bar having a resqnant
:‘ Pegﬁgnc;m I gv%ﬂe%/ti?grﬁali’lhsgaq? %gﬁgé%rd?‘ﬁ\’#ﬁscwesgfaﬂ CQNB%' éa'ﬁs8°rw'5r'5‘f’ed;
sai d Cori ol'i wleflattiondeb lirditcs sai ihguﬁﬁ rdo@eigavibta(tjibﬁhaﬁﬂg agemﬁanffrfad(ij@ﬁﬁ wi th
said Coriolis_deflect.i. ai ow t ube an aving an anplitude

g S v el

proporti onal RTgx e8‘1;3"peri odic Coriolis forces on said
vibrating flow tube with material flow 37

41.  The method of claim 1 wherein the step of inducing said Coriolis like
deflections in said balance bar includes the step of inducing Coriolis like deflections
in said balance bar with said Coriolis like deflections dsfining an induced mode of
vibration of said balance bar having a resonant frequency lower than the frequency

5 at which said flow tube is vibrated;
said Coriolis like deflections being out of phase with said Coriolis
deflections of said flow tube and having an amplitude proportional to the magnitude
of periodic Coriolis forces on said vibrating flow tube with material flow.

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