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flowreters are desir8pi@* because they elintaabe the 10 15 This invention
relates to a nethod and apparatus for a single tube Coriolis flowreter and
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flowmeters. Prior a?'?"g% eFtEE%v %?)?ng‘ldsﬁ% Iagwrrete'rsoﬁaggya di sadvant age
in that as the density of the neasured nmaterial changes, the calibration or
flow sensitivity of the neter ange It is.desired that a fl owreter
generate accurate output infor fﬁ?{%ﬂfi@JEWﬁg"ﬂass flow rate) regardl ess of
the gensity OfrpidiyERidH iehiek 184 mdihed and appdraflTel 8'silé Wik Eloioy't puts a
mass flow rate reading o 8 kg/mnute for 'd material having a specific
gravi ty @bwingtef and o particular,dodeethod @ndrapparatusifor aCerinlia flomeneteout put a
reading of 10 kg/ m nute for the same nmass flqw.rate .for erial flows of
ot her " qeavaaflon caltasiet Zactof e FoBpapndet BrifeBris ety o have a
calibration factor that is 20 25 30 pjafgrandent of the density of Its

material flow) or a flat calibration factor. Such a flowreter is also said
to have a conSirgle tdbeoGoselissilawmetarsiare desirable becausatheyelsvingta thet he sane
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char act eatqQirately voiput alreading@ftiddepminite forthe samevmass flow ratedore or
mnimze the need for furé her  cal i bration or conpensation. 5 Fl owneter
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A correction algorit e di sadvantage that it nust be calibrated
usi ng na{sdis defined asimicroseeondscofdime delay batwees the yelocy sessorsrofdbe t war e.
The present invention elimnates the need for, a massi ve bal ance bar and a
correction algorithmby a unique design ofaélg bal ance 15 bar. In order to
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25 difference from the velocity sensors of the flowmeter and where A.J equals mass
flow rate. Thus, for a meter to have a flat calibration factor or a constant flow
sensitivity, this expression has to have a constant value for any flow rate and any
material density. It would provide, for example, an output of one microsecond of
time delay for a flow rate of 10 kg/minute regardiess of material density and would

30 provide an output of 10 microseconds time delay for a flow rate of 100 kg/minute



In traditional dual tube Coriolis flowreters, the flow tubes are vibrated
oui of phase with each other. The dual flow tubes act as a counterbal ance
to each other to create a dynamically bal anced structure. Véf&ebtans2408ors
are located at two 20 | ocations along the flow tubes to sense the relative
vel ocity between the flow tubes. The velocity sensors are usually |ocated
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0 tage. al of 25

field produces a vo e Si nusoi noti on the vibrating flow

t ubes pr aduartageoss ituthat itavould letisnifate or aaisimize tha needvfemfurther calibration
material flow, the.voltages fromthe two velocity sensors are in phase with
each ot hOf COMPERSAIRR i al flow, the vibrating tubes are distorted by the
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woul d have an accurate output of a flowrate of 10 kg/m nute for water, but

for sal tfiawkand gach flow tube has the same phase shift as ths other at correspanding
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
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14 February 2003 (higher density) at the sane flow rate the output m ght be
omly 9.9 kg/mnute. For a low density material such as keI’OSI ne the neter
output night be 10.1 kg/minute. These three different flowlAESANYA5E280% al |
for an actual flow rate of 10 kg/m nute, but because the neter sensitivity
changes with material density, the indicated flow 5 rate changes. Such a

For . CPBANaURFE G geish Paliondis detSligrl b8hsdinaScy dififent il ' '
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di fferent ities fo the sane actual flow rate here are other reasons
for the 6 the aihesi ﬂ'mdatgrmmeghagm delay, Akthe phase dda&m&geemﬂtmwm eri al
density
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denspty. firhB efdiobEthl meusrsenzithity ghvesthefow rate,anpl i tude ratio bet ween t he
fl ow tube and the bal ance bar assunes that perfect bal ance is nmaintained
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effect of transferring nmass fro e bal for a
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The onl bFEPﬁt‘PdQE té h@at&ﬁam&wl ffhé(baiém%rbdr%ldcﬁ?%@fﬁr Haseseis prgsef t he
bal ance 'bar in the drive node. The weight is of no effect 30 in the second

bendi ng sbift.i Aldﬂtngrtbaee yeatoss gtverséhenehplzesﬂasmmdﬂtﬂovm&t%wp@ne Coriolis

| macti veobot e el ARERE Rhin &/ B SRt ARedE b BA ROy sthelih o7 Chah s
first bepduted bpdee dbhépeuafsé%mﬂ?euturalaﬂce bad ‘Hﬂbmﬁhaé’@@&fﬁ@lduttlm The above
and_ ot her problens are salved and an_advance in the art is achieved by the

pred@nt awaAtes 10on reductiondn dam Bawsengitivity ehtng flawmeterand appar at us for a
S' ngl e tube rt}a?ikto?tai E{ﬁy@{tﬂe ﬂo%wﬂéfé QE rERICHBA 18 7 ?I &) hat 5 has

a phase Shlft at | S ve sensors 'S propor o ma erial flow
rate. qunctwrrmfrmatdrial Uehslt;ceOberreamnslstthat asymal:enaitdensmy changes;Hheges with

mat eri al SI t n suc nner, s C the f|owneter c.hange I n
sensiti W 'Q'? o8 Pé%t%'ﬁ%ﬁ@@"ﬁt\%%ﬁt&ﬁe épaqﬁ? Fpienes bapchanoes ing
sensi ti \etdép:oféd?wew@nto%mm éﬂ&ﬁeé@tnwmetamre%dm%hqhe@m}auéu
I ncreases, the bal ance bar becones 4l
25  amplitude ratio changes, the lengths of the velocity vectors change. An increase
in material density causes the flow tube vibration amplitude to decrease and the
balance bar vibration amplitude to increase. Thus, the velocity vectors for the flow
tube decrease in length and the velocity vectors for the balance bar increase in
length. Since the flow tube velocity vectors have a phase shift due to material flow
30 and the balancs bar vectors have none, the changes in length result in a decrease
in phase of the sum of the velocity vectors and a decrease in sensitivity of the
meter with the increase in material density. As a result, such a meter would have

an accurate output of a flow rate of 10 kg/minute for water, but for salt water

3



14 February 2003 nore sensitive to the Coriolis oscillations of the flow
tUbe at a precisely offsetting rate so that the net result |sF flowrreter
that is insensitive to material density. Both in the preseﬂt4 eﬁ()@rﬁ!

well as in prior art single tube Coriolis flowreters, the bal ance bar |s
driven out of phase with respect to the flow tuba in 5 the first bending

node. The drive frequency is tgpl cally the reson%nt fr créléenc f both t he

bal ance tigherfiensiy) atthersagme fiowirale e awtpwigBiant PH@X dhdde of
each. r | ack
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the mate |IIedfl riolis deflections 15 at a
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def | eCtI@éhmo‘flﬂiﬁ)gamE%t@rﬂow tateforces are applied by the flow ng
material to the flow tube at the sane frequency as the drive vibrations.
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in the sweopywagoftngamplitudel ratiohift with materigirdehsity. Whenpihessoriet ay bet ween

the wo vel gcity senso nals in res ons o material flow The bal ance
bar 18f t3Bpliudegalio Mm%cghalﬁgce&m n'?%“ FiuRentym igLonsglyedune by
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to the bdl ance bar prior art neters the ance e the flow
tube, hdsbet Fhivlosatiomshificdvas the emeoftransfamng‘maqaémthmﬂmwhmmm t han

he f d d | d fI f the fl
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bar sec%shw THe' %%%Rmy fnicPédsRRas thbhfodearrﬁﬁﬁe i quttﬁéﬁldkcbﬁ bed

bal ance ba way of the brace bars resul Februdr y 2003 in no
si gl f i cnlmreasaa astheonodgs mave oubwards away ff@'nrfbﬁ@l!lhoﬁ he bal ance bar. Thus,
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bar. This can be confusing. Vi brati on. modes ar.e defl ned according to their

shapes, Negate e ¢h 3”@0@%“8%@?/ creatingan,additippalaquah andiapposéeie nunber s
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t t he rese | ment ~~+n (0] In node re C (0]
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bendi ng (driv | arge vi ratlon a e flow
t ube anc&ﬂ&i@%tﬂr&lﬁ&hﬁ balancednarsThe o&ﬂocpur@osa@flﬂm weightlisito lower ithe second

bend ng e $ieRGBRFERY fie rlEné® boriniBeRba Res.7 RE SiRioht Bt PRt such
t ha30 t hen enslsedvndebatding Srialis itle sihcé R i$ BEa z8RDhGJS of WA Poksibleends has

i ncreasi ng. di spl acenent with the maxi mum di spl acenent occurring at the

cent er . Gaiialinsespansedvbediatansrber. t Hewevers thenbalaere bar iavibrationally pl acenent
with th ter and
three qﬁgﬁ?ﬁ?%ﬁengkﬁng%gﬁﬁﬂbﬁn§g%ﬂ%&H%ﬁgﬁﬁmﬁﬁ|e$ ghgﬁg%ﬂgggﬁggt changes
at the denting podetdrive ftédgaenope- hal f of the balance bar (or flow tube) has
posi tive displacenent while the other half has negative displacenent. The
result of the difference in node shapes is that while the vibration of the
first bending nobde is putting energy it o one half of the bal ance 25 bar in
t he second bending node, it is taking an equal anount of energy out of the
ot her half of the bal ance bar. Therefore the net effect is that the second
bendi ng node is not excited by vibration in the first bendi ng node even



, ~ , 1~ February 2003 ' node resonant frequency of the balance bar is
nade close to the drive frequency. The excitation of the bal ance bar second
bendi ng node by the Coriolis deflection of the flow tube belddrabsuany200%i ent
to. cause significant phase delay in the balance bar at its velocity sensor
| ocations. This phase del ay between the bal ance bar 5 | ocations adds to the
phase del ay between the correspondlgﬁﬂfIOM/tube | ocati ons, and changes fl ow
sensitivity. This change in sensiti 198 ysed to rEd~cE the effect of
changes in [ ccordance
with a fi rst”a‘gﬁ%ggb\r/r%%ﬁa of@(? eolbtr%\?ré ﬁol%iéﬁ@’g@?b?ah J?%hge %rrg e resonant
f r equencygchig¢vachby the presenbimventiornin mon‘dmaerwmmd'qamemodfandhe 10 fl ow

b dth I b k t hat i I
baor | T apearaR R R & indle s Gl hawateTin bRVidst iRvine ALkl anes Bar that
osci 5l atjpds SPHaSe Shift Qlfltdoméélt;l Serisdfs thatis bropoftich) ﬁfﬁﬂéﬂial flow ratéesul t,

t he bal ance bar assunes a I'ection that is out of phase with the Cbr|0||s
i nduced Mh@mqreﬁhohalamefhaswemwty Bmaterial flow obangas withamateriakci t at i on

71 ow ¢ urtensithdn SEEH el i af BB MEn Qe RanpedF ssBALCER g moae

def | ect | examplBCEinas @hétanélh@n flawntétesbéctmes Ri3sisknsttive o fiowaiuewy eases.
These out of phase Coriolis deflections of the flow tube and second bendi ng

node def3mepktudadatio chengeas materiaidensity Incrersas, thebalapee dar becomesci ty
sensor coupled to the flow tube and bal ance bar to generate output signals
of 20 increased phase delay (sensitivity) conpared to that of prior art
single tube Coriolis floweters. The excitation of the second bendi ng node
of the bal ance bar by the Coriolis deflection of the flow tube is a
function of the separation between the excitation frequency (drive
frequency} and the resonant frequency of the balance 25 bar in its second
bendi ng node. Smal| frequency separation results in greater bal ance bar
second bending vibration anplitude for a given flow rate than does a | arger
frequency separation. The drive frequency changes with changes in materi al
density because the flow tube contains the flowng material while the

bal ance bar's second bendi ng resonant frequency remains relatively
constant. 30 Thus the separation between the drive frequency and the

bal ance bar second resonant frequency changes with material density and
causes the bal ance bar's sensitivity to the Coriolis oscillations of the
flow tube to change with material density. Wen the bal ance bar's second
bendi ng node resonant frequency is 7 14 February 2b03 '' ' bel ow t he
drive frequency, increases in material density cause the drive frequency to
decrease and the frequency separation to decrease with a resultant increase
in sensitivity of the balance bar to material flow By properly sizing the
frequency separation, the increase in the balance bar's sensitivity with
material density can 5 precisely counter the neter's decrease in
sensitivity due to the drive node vibration anplitude rati o change. The
reduction of the second bendi ng node frequency of the bal ance bar bel ow t he
drive frequency is achieved by a physical re-design of the bal ance bar
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that includes a redistribution of its nass and stiffness. Mass is renoved
fromthe 10 central portion of the bal ance bar which tends aj e
drive frequency while having little inpact on the second b1é4$1€74§65r§1‘;28§§
frequency. The mass renmpval has little inpact on the second bending node
fT equency rRefasssitiietoSeeridiRBHoNhtBRE 8f fsfiow tib& afaWrbéidErR dtemktinde
center. Mass is then added to the bal ance bar near the velocity sensor
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frequency since Iint ending i n these areas.
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can reduce its second bending node frequency so that it is lower than its
f i r stlObentprags endbe flow tube y bendingyn its\seconhbendisgaeddeved) the Coriolis

brace bars to YA BRI HHRININE (AR oY et pEMET it B b e e R e
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defl ections of the flow tube., These deflections are referre 0 as
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25 These physical modifications of the balance bar along with subsequently
described changes can reduce its second bending mode frequency so that it is
lower than its first bending mode (drive) frequency. When this is achieved, the
Coriolis vibrations of the flow tube are transmitted from the flow tube through the
brace bars to the ends of the balance bar. This induces the Coriolis like deflections

30 inthe balance bar that are out of phase with the Coriolis deflections of the flow
tube. These deflections are referred to as "Coriolis like" in that they assume a
mode shape that is similar to that of a flow tube being deflected by Coriolis force.
The flow tube and balance bar of the present invention thus perform as a dual tube
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opposi t 0 sal Irst "direction; 25 said changes i [ Sitivit

rrggni t ugeiffcesrardand GiEe6 dhat withaiparallel motmt?‘gg?\%aﬁgﬁg ﬂ’h{"é@\il\éﬁgéond d

direction bejn ffective t chi Lalisina teapatural f | ownet er

f1 ow selBe Pﬁlﬁ'&?eh?é Ft%%ﬂfﬂ@ﬁ%@“@ﬁ%‘@@ﬂﬁﬁﬁdy@ Ih%'ggp_e_ndent of &‘g?nges in

mat eri alg édu%}%%%_’bgitﬁé’ flowtabbenddsaiende barc| Thase isBaspepilis RASIURD 8 a change
of sai

i n densi 30 naterial flowto alter fl. L hivude of
sai 10 f | cuhtestricture iSianytsignifieanti cOMMUnicatian, é\é‘BWﬁqi‘#@#g{éeq’ﬁ@ﬂgbyi ve

node vibratio Litu ' ' iedutebdbratioastimthe 1412 14
Febr uar yu %%{héﬁﬁénf;%g&)@%@h%e g'adcc%aﬂndégg?tndstsxgild density to alter said
drive nugg.fdeBae e prasens inventibn pro»ﬂdm@&ﬂ@ﬁ@?(’i’??ﬂeﬁﬁ’&ﬁiqm CBF said

flowreter 1n a second directji,on oppasite t | bl ' [ en
r espons esensitivitgh Thigalsiachigvedintwe @ﬁnfyfw@m%ﬁs?%éths&mrﬁ?ﬁegﬁw gnpl i t ude

f said fl i Db stiffreess|distabution alongdtshal
oar ¢ oouise OfA Brfanbd bt fiabiig @ hofiunifshn ddssrand sirrmss o card

rive node frequency; i d.chan in said
f 1 045 Senghiihy i Ihiheeatiddient of E16.d7. the srangement Bsuhdnat e Badaantong
n

directio eing effective to achieve t Ll RO verial flow
sensi ti vﬁrequermgrﬂftﬁ!@lbahnc?aqq{ '3 Bﬁ@n‘ﬂe‘f@ SHT@ %ﬁlﬁiéﬂgsepect;?%ﬁ%é sai d
means fo ' ' ' G.'8; thelbalanecabar frequen i ai d

Cori ol | S{UP%L@hgéé#gg? tﬁ%%glﬂlﬁd nﬂ@g?hbﬁg aﬁe b,g'[‘ t sai dméi tio ethgr@mglzy wth
the resomanbf fhecOorolisydefiecsiona otthe few dubg. ‘§i?'@rsaﬁq B #mé.'e eTng greater

than said drjve de fr;@gency and said Coriolis Iike deflections of said
bal ance lﬂbfatl?é‘ﬁrﬂg?rl‘%ﬂﬂw €with said periodic Corfolis defl ecétj Rns of said
f 1 oyyt ube. 15 A0Ghiary, 23R8 PRéthod dndadppasatos of dhes Copelis Rewmeley FdP8 coriolis

e o cpamentinat nsds bAaoRs e MRS PIOSESCRFETBICy per BT
oni'd bal AL asacond RsHRED @?Es&?#%#ﬁ@é?*&%ﬁ?‘?ﬁ?"f’éﬁg‘fﬁ'ﬁ;ﬁ?’%‘"? o
e e e ool 0 1 &
ot et § dafiedtionsial ahe Ao ko produdiRd Geol§ ke G¥AeArS TSSO I e
Corigli's, defl Gt A8aomd beAbifg hede redtmant frequency is below the drive

frequency, then its Corialis force induced vibrations are out of phase with the

Coriolis deflections of the flow tube. This increases the meter sensitivity and

produces a flowmeter with a sensitivity to flow that is independent of changes ir?a

material density. If the balance bar second bending mode resonant frequency is
30 above the drive frequency, then its Coriolis force induced vibrations are in phase

with the Coriolis deflections of the flow tube. This decreases the sensitivity of the

meter, but can also produce a flowmeter with a sensitivity to flow that is

independent of material density.
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Anot her aspect is that said neans for |owering conprises added nass in said
bal ance bar in regions of high vibrational anplitude in said Coriolis |ike
25 vibration node and conprises flexible portions of said BAIFgREENHAN03¢

| ocati ons of high bending nmoment in said Coriolis |ike vibration node.

Anot her aspect is that said drive node conprises a first bendi ng node and
wherein said L Ol ke Vi b at i ' .ng node.
Anot her aSpng}I{ ésgééﬁg? l; gﬂg@vﬁﬁ%ﬁis%%W%&? ﬁ&?ﬁ&%ﬁgﬁ"@@g@é rigid 30
center péaavingra fibwtabe ahdlzbalantabaroderted sdos@ntiahsparallebosaid dlewof sai d
rigid center portion and wherein said neans for lowering further 14/3 14
Februaryt@m§3d’)ﬂ’[§&m@g§°mpéﬁmﬂltﬁe|§Eﬁpc5i‘?fhs of said bal ance bar at |ocations
on either si dﬂo%n @aﬁﬁr{]d'l%!%u ﬁ@%ﬁfﬂtﬂ?mﬂe‘)n' Anot her aspect is that said
means for | oweri ngqS urther coﬁprl ses a vol'd in said center portion for

rai sing sai d dibrating said flemctubeanthsait balamcpdar at @ drivetmede drefquercyl e

i i bel | . A h i f . [ educi h
DorLi on SSEBENASR, Bhla Rthe ARRRR] cBRRSR  H baIBRe B4R nb S L0
sai d Cor ke with materixi M@twwew%neaic@rmli?%eﬂeemmre iﬁﬂﬂi&&?ét jgect

conprises neans for concentrating the effective spring of 10 said at |east
one fl| owdtiveadelifregiiendydnsatdvibeatingrflavaiubvetasaa essdlr of thadioweef matarial i s

h ' f I ng, I Stifif . id bal
bar and MrEROR e HERRRCra e, SARESTR ERrdle Aotttk P ance bar not
CONAD Si BRardctériZel BYPERRing AV ifiefioRas Wall dssnddid havig ABWenedgowf said flow

tube and bal ance bar i§ 15 maintained in said brace bar. Another aspect
i ncl udes a suBaidaltivieanoge $tequegey beingwepepdeaiupen thewdansityiofisiaid st r ai ght

and o balt e G PABGhe NRrHEIg o 2 dhas Wi Rt A sBlLitelgia A o7
Coriolis Ii kedéﬁctlﬂgtﬁ@?élat@ﬁ%lbﬁ? dfrsaic fowndbéd withi regpectds said baladceal ance
bar. Description of the Drawi ngs  The above and ot her advant ages, of the

f eat ur esbdft torgrnarate-slanaln raaresseting seidipelirdic Gedelis deflactions ehsaidflay t he
Lol g ngudeLAk v g'ﬁfdrPHT'tiBH e séi&hb%g@a;éhggﬂ%épﬁgggwﬁé h the

drawmngs In ure I's a~vector diagr 0 Single tube
Cori ol i sgénhearatioh of saidi signals 2sald signatelaving ahamplijudé thattchaageswdthr e 3

di scl oses a . vibrating flow tube. Figure 4 discloses the Coriolis forcss
appl i ed 98%We f1 ow tube of Figure 3. 30 Figure 5 discloses the Coriolis

response of t@&eakak@izbd 1ttt sBidPbal8nde bar has a non-uniform mass and stiffness
distribution along its length such that the resonant frequency of said balance bar in

20  avibration mode having the same number of nodes as the periodic Coriolis
deflections of said flow tube is proximate the frequency of the periodic Cariolis
deflections of said flow tube;

Coriolis like deflections are induced in said balance bar at the drive mode
frequency in response ta said Coriolis deflections of said flow tube, said Coriolis

25 like deflections of said balance bar having the same number of nodes as the
periodic Coriolis deflections of said flow tube and representing a Coriolis like
vibration mode for which the resonant frequency of said balance bar is proximate
the frequency of sald periodic Coriolis deflections of said flow tube, said Coriolis
like defiections of said balance bar having an amplitude proportional to the

30  magnitude of said periodic Coriolis forces on said vibrating flow tube with material
flow; and said generated signals representing said periodic Coriolis deflections of
said flow tube are generated with respect to said Coriolis like deflections of said

11



Figure 6 discloses a prior art straight tube Coriolis fiowreter. 1414 14
February 2003 Figures 7 and 8 disclose the Coriolis vibrational
characteristics of a single tube Coriolis flowreter of the p4Esknbry 2003

i nvention. Figures 9 and 10 di scl ose frequency response curves of the

fl ommeter of the present invention. 5 Figures 11 and 12 are vector di agrans

of the single tube rioii,s flo ter of the ese I nventi,on, Fjgures 13
di scl osesba??fgmesé%ﬁa%%ﬂgiﬁd'kﬁé%%ﬁgo%{@ﬁ% gﬁerﬂg&h?’i aerPmHgﬁ(?i' 589ode of
t he bal a dpar of the present invention. 1415 14 February 2003 Figures

14 discl oses the node shape and bendi ng monments of the second bendi ng node
of the bal anc&aishEotelis-like defteations iof saw: balancerbghaving adiikbratios amplitude

U brat | otatts aBeBET B e COIR AMRBh OBl fR b B RS W GRTBe o7 ot i gur e
15. F§ gurdiffer8nee betwisessaid diiveanodd frequéemdyosidiBalll resondr f@q'uieﬁ_b'%%f shigwret er

of the present invention. Figures 19, 20 and 21 disclose the vibrational
char act eﬁ%’ﬁ'ﬁé’kﬁfﬂ%ﬁ%gﬁ\t‘éfﬂt@mOfﬁMb@ﬁﬂcQ BBE Coriolis flowneter. 10

ot rai gnt t ube A AngF;n ¢ BHiAE ot élh|eaies okl AEhEbLBI e Rhgiiibs™"' ' ©
di scl oseseparatichdetwben saidhdrivé mede frequensp ang thes resionantfrequemsy 6f samret er
of the p Figure 2fi discloses a Coriolis flowreter

resept .i nvention.
enbodyi n&q'WQSB#%@mt'qmm@Hﬁ on 15 and having a curved flow tube and

di bal ' ' bl lustrati
P 8 gt R AP g g g (2

t he operation of a ( erent er1al densities.
Fi gur es Lorialisllilbadefiectionsaardt he rel ati onshi p between the bal ance bar

d vibrati I apl it t he, fl N rioli, [.i tud i th
Fespect to 208 aNANGRIh e Pt said Cocio b ke E6teations it FPRBITIROPIRS ot hod
and appafii saritfe indinplitade ag sl CIHdIR e i Witk HBRFW 8hY FEdufMs jRRANges in

flow sensitivity resulting fromchanges wth nmaterial density I'n single

flow sensltivity magnitude that is independent of changes in density of said flowing
16  material.

Another aspect includes operating said flowmeter to respond to a change in
density of said material flow to alter the ratio between the drive mode vibration
amplitude of said flow tube and said balance bar to change the flow sensitivity
magnitude of said flowmeter in a first diraction and further to alter the ratio between

20  the Coriolis deflection amplitude of said flow tube and the Corialis like deflection
amplitude of said balance bar to change the flow sensitivity magnitude of said
flowmeter in a second direction opposite to said first direction;

said changes in said flow sensitivity magnitude of said flowmeter in said first
direction and in said second direction being effective to achieve a flowmeter flow

25  sensitivity magnitude that is substantially independent to changes in material flow
density.

Another aspect is that said Coriolis like deflections of said balance bar have
a vibration amplitude that changes inversely with the magnitude of the separation
of said drive mode frequency from the resonant frequency of said Coriolls like

30  mode of vibration of said balance bar; said method further including;

altering the flow sensitivity magnitude of said flowmeter in a first direction in

response to a change in the ratio of the drive mode vibration amplitude of said flow

12



tube flowreters by the provision of a balance bar that actively responds to
the 25 Coriolis deflections of the flow tube. The bal ance 82% Bes onse
varies-with changes in nmaterial density in such a way as t 808 2403e
change in sensitivity with density of prior single tube nmeters. In order to
understand how this is done it is necessary to understand the nature of the

Coriolis force on the, flow tube, the,distortjon.this .produces in,the flow
Cube. briubh @ flansa bt eulnadtam i HiaTae o S5 drisl/ o SHIG materisl cw t ube.
Figure lgds |ater described and is a vector diagramof the vibrational

vel oci ties 'of the flowreter of Figure 6. 15 14 February 2003 Figure 2
shows a tube atEzingitheuatio hatveeemsaid Garlolis deflecticmamalituide of seid Bew tube

Cube 20sANLhAAMRGHAY o5 PRLGP{E-Dis drfestoh sf el halpiée BEE o BsbonBa. an
Newt gn’ Ssdi@bhaﬁ‘@éé ;rpaﬂi\ﬁe ﬁ%@'f?&{’ﬁeénfé? rESVItIME freNPsAE TRENGS in Bedsity of said W x v

) ¢~ = angul ar ocity v = materjial velocity CorioliS Force F~ may be .
expr essovatesial fiow tojalter-the flow sensitivity meagrituds of said flowereter in aseeendl

density LN i al. M. 5 O A, =tube flow area Q = tube length
F~:2pA~ﬁ€7%°§°O%?’ng&gizaz§%"ﬂ%ﬁ @éﬁ"“’&t: 15 pA.v = MM = rmass flow rate F
=2M x w The (gid ehangdsrincsaid-flowsemsitivity magnitods timsaidefirst diratioh el iR02
because each part of tube 200 is rotating at the e},nia rate and the nmss

h
f1 ow r ats@id second disetiontbelng Rastive o ashisve asubstaptialeanstantdiwe a

t rahght : t o t ' d 302 but

5" 10 2 el ifarfide o 3aid foBfer dieP s 8ho@BE istEia Mokensiess™], 2%, 0

d{iyer DWih_nt tmmt{xémsﬁébfmﬁmmatméesh tﬁpptftrﬁiucmcmmu'th f‘llisflik?cdﬂb lections imrid guiht ar

string, Ite naterl a (0] ro 1 T. € ow tu adASSES rou

LS ot BAAnce B WPl GaRlisrikp VIRHIDR 5Kt ne iR AR ORG ot eney Je%sa) |
Cat : ' . . | _ . h

ot at | ornfisfea e eadercy? sdia Comtlle IRB defloftiars™sr et Bainltiar iy T

appr oac hoedi of phase withesaidi periodiotCorimis deflectionsenfeiajd flowrtsbet es. The spaci al

zerth i spl acAnetherapac mslas \6R Seu 6 bdieingitaSrala e Hegfis Piaaid *0"
Opposi 1 AdHRCHArHMth Q@idtc!:@n&wkwmaﬁo@mmawmatraswnérﬂtfﬁdu@ncgi rections

are opposite. The Coriolis 5 force dimnishes to zero at the center because
t he rot greater dran said dalve feequiencyhsaid Coripls tike:delientionsof said balgnee barmg| or

differe bet wee Lorating. tub o+ otating tube 202
of Fi gu?’gf@ ﬁspv}f%%\xwB‘P'gt'?%&#%@gﬁg&)g%@hgﬁf ?6@2@ B‘&?t[i nuously, but
stops and r evgioliesr dBpettid 1At sdith ChrfligiiRe Yeflestichs Sretindicedinesaidl . t he
rotations 10 are zero and the Coriolis force on the entire flow tube is

zerd) Th@lancePAr B that the nagnitude of the Coriolis forces of Figure 4

vary 1 nusol aliug ot Sl -G QSR ioR @3ralle 11 oW (ube

vi bration goes rough” zero anp maxri murh vel oci as shown on
Fi gur e 4lefléetionsGorflex a first endefdrace baomeahs; and ire fl ow tube as the flow

firat bend: ndexaees§carELend of ealfheaEi hes Moant i resphpss o srmine sl on of
the Corisgld firsf 8A fo IfdutBald Lorblid ke defidtfiond said Daldnde Bariency at
25 Another aspect comprises the step of transferring the effective spring of said
balance bar from said balance bar to said brace bar msans to lower a second
bending mode resonant frequency of sald balance bar.
Another aspect comprises the step of lowering the resonant frequency of
said Corialis like vibration mode of said balance bar by lowering the effective spring
30  of said balance bar.
Another aspect comprises the step of lowering the resonant frequency of
said Coriolis like vibration mode of said balance bar by the provision of at least one
flexible portion of said balance bar together with the provision of
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which it is being vibrated; nanely, the flow tube's first bending (drive)
node vi bration frequency. Flow tube 300 bends in response to the periodic
Coriolis force as shown in 20 Figure 5. The solid fine showd4Februahazms

(greatly exaggerated) the tube takes in response to the Coriolis force as
t he tube passes downward through zero di splacenent in the drive node. The

i spl ace/Toreeyent Miake fp 2 2hs pS duipEh oA oy BRI paigRE ot B8 el thBow e
that is brovisien opaseidia dtheast@hessoriombf iidsbdlawdebar.i s the 25 mid point of
the tube. The shape of Figure 5 is simlar to the second bendi ng node

shape. Howevefnother aspectcemprisesdhe stercatiowering the seganany frenueney efecond
bendi g . i 0 i e ..at which
The_cori SRS Holls e viltion Riodeor BT aleEs hal Bitnd RFoviSBHAFRgNOR o' ©
bendbng purtiens obsakdebalamce bamattlocations didiigly bemdingamotmenCof it ibaldreeces at

wel | belpwjts second. hend] .esonant 30 frequency, this Coriolis caused
deformatgﬁfn{%\saﬁé‘?ﬁ]é'sg&ﬁrd??gﬁéo’@)ri olis force of Figure 4 occur in phase

i th each of Nafothet aupseleBrifileslifs St oF MaThaRng! B sHFifudllofialy ® © 25

it crosses zero displacenent axi n vi I'T st

bendi ng) vibtadiag flow wbeznd $aid: baignoei baris éracenkardneans ceuplintusaid flowtubei on of
17 a 4 Feb ~~ - =~in™ Figure 5 on the driven vibration of Figure 3.
This is ﬁﬂ'd&?’#‘aﬁ%ﬂa Both vibrations occur at the first bending node
driyg freque ; I i i ; il Bety

degr ees. Themcg?tpgf?ss‘sgilﬁgsug{aag 53?’2%?%?2mﬂ?ﬂhﬁéﬁfﬁﬁqﬁf‘ggﬂf?ﬂd&& gﬁcurs
when t hestiff seationaofisaig balarce bamand Sexiblei sastians of saidbalanceybandiat 303. The

Coriolis.d] . t nmes zero when the first bending node is at
maxi rrpmcl é&d@éws@%ﬁﬁed lines). Figure 6 is anal ogous to Figure 4 in
that it repreassthér aspsect isthat Saididtvel mode CoRfprisBs adirsEberfing Mddd arfd
defl ecti ons are concerned at the tinme flow tube 300 crosses zero axis 303.

At this Wherein said Gariofis fike defiectinns,comprisasdhe secend bepdingamadeef saidi s
indwedﬁ%ﬂ&c 'rons are at a maxi num 10 anplitude. As already expl ained for
Figure 4, The riolis forces dimnish and ultimtely becone zero when the

defl ecti on ofArfr._ltbev aspeet ﬁi_bﬂ:ds_&&hb%ﬁeﬂ bﬁloWihgum: ifﬂéqﬁbh bf gdid lsﬁwlﬁdis or
downwar d dlregtlon. s tinme, the velocity of the flow tube is zero and

lon, At thi h t . .
so are thedeghVineationsfisalg balagee bar i dhe EM'?tlél'r‘lpf adenigrn porien pesdidon. Thus,
the sin } i {04 | i ¥ Qb | kpusoidally in
15" anpl (Pt 074 NENBREAINSA ofEh gl b BHfcenieiBoion by a1 Y
si nusoi dalance baritogether withiibe provision of increaset miass omeedoside otsaidve and

ne (Y fleckion by the drive signal. The anplitude of the Coriolis
di %qacg:ﬁgfﬁrpso%% on Figures 5 and 6 is greatly exaggerated for clarity)
The anpl i t ud@rgthdraspeet includesahe bsistéggﬁ ]!dvbﬁi itl reslshait fﬂr?ggeﬁb)' &f

bendi ng node of flow tube 300 because t i rst bending ~2 e I's driven

at the saisbsrsandibengingmpderofisaid balence bae by the pravision obflexibleqpostions not .

Thus, t riali i Qns | | ] e, figuyres, are qgreatl|y
exagger ST SH¢ tlehdh B8 A RT3 BebfaBmomeRLb! SO BRAR FsEY " ar

met ers ircréased aas tat Wcatibes of highnalsratibeal Ahpliti@e fin 65l SERBAH bendiig ve) node
an he COJIO|IS 25 deflection of the flowtube. In Figure 5 it can be seen

th ri §MC&el ocity sensor SR crosses zero di spl acenent before |eft

vel ocity Senafot -asgégﬁ%gﬁsrq%g%t@o%ﬁé fibWne iﬁ@ﬁﬁ?ﬁfgﬁy@ﬁiéﬁﬁéﬁ put

vol tage | ag the phas sensor an
Conver std fgceive a matedial dlobe asbaldneébar offented substaatially pafailbidadaid hewphase of

the leff ,sens SL., The phase djfferepce (or tine delay) is proportional to
the 30 gﬂﬁ?@cﬁé@c&fba{ﬁ@e ¢HA @giﬁ%‘ﬁﬂ%‘ﬁ té‘?%wtbé@l‘ggﬁ%ﬂmﬂi%ﬁ'di n turn,

pr opor t Cofiali nete ; . The present invention involves shifting
t he frequen'(':syf!grder %f?aﬁﬁfeé%f‘ghg node shapes of the bal ance bar. The

vi BPat i on noddveraneansarrargeditorvibite gaidoflave tube and saidalance pa®03 t hei r
shapes, | Loee or . Jhe first bending.mde w ll hereafter be
refer reaﬂ?%e éé'&é{lltg{r{ @%%%H“V—ﬁ?@" n%af 95'8}53}{85"38“%'?3’@‘1%6%&\'& |1 be of

t he shamesoshotfrequercyafitiee matdriaigiibd flowiubel dhd $E18 blalhoslsie sieRtigat i s equal

" to the nunber of nodes minus one. The first node has two nodes (at the
ends). The
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5 second has three (at the ends and in the center). The third bendi ng node
has four nodes, etc. In conventional single tube Corioiis flowreters, the
bal ance bar only vibrates in the first bending node and | atkEebmgryr2@98onse
tq Coriolis forces on the flow tube. Figure 6 shows a prior art single tube
Coriolis flowreter 600 having a 10 fl ow tube 601 and a bal ance bar 602
connected by brace bars 603 and 604 at the ends of bal ance bar 602, The

sol i d | iResiodig Coriglis defiectiopswill beindunsd Asaiddave fieanercyiarsaid yibsatinghey

Cross z Lspl t i | o Ik | i ith
mat eri al [DS'Y W@gﬁg‘;ﬂﬁ%@éﬁq@’ﬁ%k’iﬁ’&éﬁé@?a@%%né’ghéﬁ?’%@@ﬂwm gure
6. The dﬁﬁ%dhbiammbmy relgiorisl sl éflebtiorsnas hellasotodearhaving he outward 15
extent of their vibration in the first bending (drive) node. Figure 1 is a
vect or Hefl§EHANGi scl osing the vibrational velocities generated by the
conventional Siihgh ' el # ; ented in

Fi gu?e 6. Thessdrlggbgenﬁad%ﬂﬁueé#??ﬁﬁﬁjggbéﬁdgmg‘%ﬁgﬁté d\?@?%?ﬁéﬁgensor SRis
\l;e'ft or Jrﬁ@tatNhl ﬂ%rygod\dngkﬂingembfymim aﬂé;;?ge #b deriQe?fﬂsai? mategialeﬂu;ggl e

et ween vector nd, real . axis : e |len of  vector
represents it@eﬁﬁ%fpr\p@?%\"ﬁﬁﬁ?aﬁ%tﬁﬁﬁ? o Q‘Nﬁ'ég%ﬁmlq B are
propor t igad | ' ' ; ' ous
el 6ol 1y A B B A g B e e o <
102 si nsaid fiewhubeirsadid bignalsshawet amamplitusie that changpswittidensitri ol i s forces

axi 1905 ana TS0, Bodfied osierBl pci irBmation, e 8He Bt 88FealBn o ane
bal ance dagf sigpglsor s~i s vector 105 which has a phase angle ~ ~e,

representing the conbined vector anplitudes and phases of the flow tube and
bal ance bar . okaractefizad inthahsaid palansedrayihas@istrgturenpravidii asensor SR i s

(and mederGaEgsE 3 3uithes RSN nelaRghet o Bl RS " 312, Cc
bar in Q;QBHQﬁétitﬁ@?és@riam|f@qhﬂh%6ﬁ$ﬁd%a_ldﬁ®baﬂn%Wiﬁl!’ﬂioﬂ&nmﬂ@hwm or
di a%rgams for a prior art nmeter havinpg different_anplitude ratios due to a

chatye ithe same numberefsnades s themaiodihonelisdellectines fsald figy tike Woul d
| ; .ha. i LfF i 0 15 14

Fobr uar SrofBiEte M fediency Siate pehogicieotbls el SiEBl Sail Jow sy, 10 10,

phase. Wmreby Ceoriolid ikeotefiectiong lvals be Boriolis like dresaitraiamds baridt therdrive

f ) t thi i th t ) . h b di,vi ded. the tub
{1 equendiode HBaHERIN To DTS I0cAth GOBIE ABNEIONa AT A oNllbRS8 S ne
Cori ol i %Jruiﬁﬁké%@ﬂé@t&sqf%%ﬁd Baahee b&Bﬁaﬁag&ﬁe @Be AEmbEPSS ﬁé&%&’@i‘cy, t he

| es of the f t ube

normal i zed phase ang | ow tubes are I ndependent of
f r @fuenthe petiediaCarialis defleghinnscofsaid Bowtube andrepresepting Coriolis fike i s

th f |t h | ized fo Fi ; fl

rat e andEEBTRL A for BoRSTES raéier HaRte ARy of sy o Gar 8 rogadf o o1
fl ow nety fraguaney &f $aid pbiivgic)CArivlie defibetioris bisaie AbatuBé Osaid Cbrivlisel ati vel y
smal | bal ance bar vector 2706 as results froma material having a | ow

mat er i alkeidpieetonsofsaid balance da( bavipg anamalitigepseperignaliadbect ~ | —~ with
, _caXLls 702 . whi . : . I h
e SARe G BB ol tofeestt sl ABRRAEYoW R filotialifour ©79 5"

an®@82706 i s sait OoridisQfkeldufications defimecan Carkliy like madelohwibrationafsaidral | zed
phase aB ‘e ~ ~~ Wth respect ,to the X-axis, 2702. Axis 2701 is ta{rﬁ

i magi na 335&393@” auing & (Rsanae) Faguency SEicieRty closedbytaat &ual.tesaidigni t ude
of vect gy ' i | ; L ; imsanme fl ow
net er hgf}‘ll%é@ éﬁﬁ?@&l v‘gﬁ‘ﬁ @bg gér#glﬁl‘t@%@?ﬁgﬁeﬁgﬁ%ﬁl?gﬁg@éﬂgg %éﬁ%' 03 and a
rel ati vegspdnsede abariation i saidwdrivecnodes réquency;tsaidyCoriolis ikehdghastionat eri al
densi tyt Ths fltowt be ve@t 8r X ébe h@s, a normalized phase of ~ tube with
r espect thesebyaltering fne amphtude ol sid SIBN@SY, 1 vect or bal bar has zero phase
an@oi s coi nciaRMtondiistliketeféchons ofsdid baﬁ%e\mtﬁivir@lg‘viﬁraﬁdwéﬁ)p‘limweCt ors
is the vector V ~e, 2B05 having a normalized angle of ~ ~~ wth respect to
t he X- athas ingdenctipnefithe Gariehy deflectiansofthe flow wbexamwell ag the diffasence

di agrans of Figure 27 with that of Figure 28 it can 25 30
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be seen that the nornalized phase of the resultant vector 2705 for the

| ighter density material flowis |arger than the normalized phase of the
resul tant vector 2805 of Figure 28 for a material flow of (Jhdmbesarg20R3 ty.
Recal ling that the normalized phase of the resultant vector on each of
Figures 27 and 28 is the tine delay of the velocity sensor of the

associ ated flowreter, it can be observed that a flowreter operating with a
mat er i albetween said drive mddedraquangy agdeasicresoaant frequancytdfaaidiCesiotiste sane

flowretey operating with erial flow of a higher density. Fromthis it

can al sg'{‘ﬁé’ﬁ)%‘i%ﬂ%‘t"ﬂ’aq\%% %ﬁ?g&«ba[%"&@ B&owret er inherently has a greater 20
~ 14 F%Bicf@i@ua ratif nw\%i%sén\érét\és R §ignalanbpidsdptingsh change for

lighter material s¥(FiQure 2 than Tor heavier materials Fi%ure 28). The

enmbodi nperiodic Coriolisrdaflections wf saiddlovws tuberwitmreteramce ta spicbCodelis kkebal ance
bar 0s cond bending node resonant,.frequen Ls.slightly below the 5
g béﬁﬂ?ﬁ@"%‘&%ﬁi‘g b@&q‘:@gﬁfeﬁaﬁg et g 4P e L el GanBEe e of 11 ow
t ube 60%; i-t es the second bendi ng node in the bal ance bar 602 by way of

brace bars 603 and 604. The vibration anplitude of the bal ance bar 602
vi brati on i na ghangedniae ideiveimedefiaquencyrassesa ehangetin the fregyeney i s

mat er 1 ol SRR reiEeflsald s HisRedtda iy akGna FeiRaR ieuBE Rty BESHE®, o
second ICuridlistikewibeation Matieg:e 7 is also a function of the separation

bet ween the first bendi ng node (drive) frequency, and the bal ance bar second
bentd ng mode A RGP SF!CEHGQH%@@ sﬁﬂ?réﬁ%@qaﬂg?é tE%@HPRl't‘!%E% $3/dnode

frequen%rﬁ[i%ﬁk@dgﬂ%&m; lé?\a is to the first bending node (drive)
g

f requency, reater W'l "be the vibrational anplitude of the bal ance bar
in its second dnamgeng amplitotel ef sdidi Coriclis dike defléctiprisswitin densitynetgdatas| on

Fi ich i raph qf | brat | | anpl |t ti f, t he bal
bar i n Snacanash STOHULAG Hhoals GPUPURATSFoRS WD s 0RTBEWIA D1 the
flow tuﬁew@rﬁgﬁgtg??a&rﬁﬁb‘é that aRdepeiieht bEEnRIYS IR GefRRAF of Saill \Rwing eauency

and the bal anc 2 second bendi ng node resonant frequency. The x axis
90215 ndimateral. t he rati o between the first bending node 20 (drive) frequency

and the second hendin d esgnant . fr equenc the bal ance bar. The y
axi s 501 r op POOHTH Sopiet BirdeR ToGaIR o CRBISCAN AN GRLeL ESpaslinde o
bal ance chafigé dersity T e nfeéndl floheto(Eifer Me Fatiotsdtween the@drve tndde bal ance
bar 602 is at a nmaximum when the rati o between the drive frequency and the

second Mibrafiaryamplivdesf saithflowtube end paist balapce hastecehange the fiovo. ~ The

From 1 t SenifCiegiadis B SR etinlec W E SRR ABRERET L. o Frgure o becoms
Trom i Ts o mam e e atla o fhese Lo fequencios bocomear] ees than
one. | ¢ SBAHANGS b denslnof sakmrtsiALIN [ ater e relG BEMAeN e GORIE gt <
Thus o Seictin,oifphtiGe 8K Ak i BRY SRECERORIAKY deBcfohthollLager 10

second baiddiatanceobiar tanghangedbe fiow sensitivity magritadeidf sald-fléwmeterinyg ratio i s
near one_tha rther is this change in slope of this

Jf jt is f . |
anpl i fi 849 d'lfﬁﬁt(‘?tg éﬁp&sﬂpgoégﬁr%%dl@éio& esent invention 21 14 February
2008 " ' 10 GAHIHERGBs N Shid kv SERNNHaGRAGST s3I ABWHIleR daid Arsder t o

precisely cancel thé change in sensitivi '%?/ due to vibration anplitude ratio
change e@ifectiontand iresaid second direetien beingefiective tosaghieve asubstantisly wi th t he

o e cMEA e FEN G0 o A eVt e ohesy T oct o
changes in material flow density.
Another aspect includes means responsive to a change in density of said
30  material flow to alter flaw sensitivity magnitude of said flowmeter in a first direction
in response ta a change in the drive mode vibration amplitude ratio of said flow
tube and balance bar;
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5 flows of different densities. Figure 7 discloses the enbodi nent in which
t he bal ance bar second bendi ng node resonant frequency is ?el ow the drive
frequency but is sufficiently close to the drive frequency < 5ebmaty 2893 ol i s
deflections in the flow tube excite the second bending node Coriolis |ike
vibrations in the balance bar. In this 10 enbodi nent the bal ance bar second

bendi de Co I | i k he, f.l
dof 1 ccti ons. APEABRIeHOmSIELS % EncBln 2Bt abrsi Ao Hlet 348 M8 BoBRase of the
flow tulyge ity at the right sensor has the sane sign as the phase of

t he bal ance bar velocity at the right sensor. As shown on Figure 7, sensor
SR on bot h t HBeansie altm'eflmaew&wtyanagmweacpfm@@owmeéaw 26N t he zero

eadi ng DIEcIER opheRte KERrE b B A Peiched 56 gichelogTa I RISt el T e
of the fEeonvlisldedlehias anfplithde bbsald Apartube e the Cotibks kkpdeflastionof the flow
tube's Coriolis deflection. The nagnitude of the bal ance bar phase angle is

pr opor t i &mplituge of naldumlambe@r.esylﬂosrfmm dchangs ia dpve raere frRqkeRCK econd -
bendi d h
endi ng node. %%'&o &ﬁ%e N3 Wﬂg\ﬂ s%ﬂsftt\tﬁ%ﬁﬁg?ﬂtw@ﬁn E{II f ?ﬂ&?l{c’ﬁ?ﬁaéndq aves

| i ke anot her ances t aw Sensi

Fi gure Ishid seddrad diesdtion h:buag; effoctiver tot duhieveba Substantially Gurgmm matelrial t h| S

enbodi ne t he hal ance, bar second bendi ng node resonant frequency is bel ow
the driVl wm*é\ﬂwwaw%@ ?%Q'&QPWH‘%?W ve node is shown on the X-axis

"‘*"1 the Y %&Kéﬁaéﬁp%& Ilﬁhgf’ggluWﬁ?é’r&%ﬁg?&brﬁﬂ%@séﬁdad‘dléné‘é’ﬂéﬁngl'uﬁﬂsbe

anpl1tude since velocity an ortional 1n vibrating
syst ens.medmefdr lindudind saidelariolis fike eteflections-inesald badlanae bar lat saididrive

ot ¢ draeaty w8 $8sanans Hequale or S8 icaridis e Vitkifan pioda pging || ' °
because dr@stef ko wa%nba%ad@heauawéﬁd eﬂdwduwﬁe déﬂéatuérﬁlﬁop@é@nce bar .

The 30 instantaneous vel ocities of fl ow tube and bal ance bar can be

det er ni rhatanee bardging jrephase wuhgampeﬂodjmﬁprlou%deﬂﬁ@ioaﬁ of seiddflaw tehe. The sum

Phel8le  vecdfibthdinsd) RIbE 886 nigantia e 6o Gordls ipe SBABRUAWLC Lo
conponery gaidridasie batextends fortes hirdichtive oiéaﬁewémrcv Cofiohs deflections sensor

SR. The instantaneous relative velocity is the projection of the V-e

vect or froossaid atdeast-ane fow tuke thsewgh saddﬁa%ba:mawaiam@qrde vel oci ty)
f the f t I th
gal ange %@% sec‘grg(ﬁir%géugﬁﬁggﬁo%le ar'h%ﬁ | u%jén‘%%pggel l)g?tsygisat a[ ﬁg ?lsght ©
fslenSO{ SR Tikrother dspect wwmutdﬁyneéhlws fordawenngthevesonant fpémmTh cyrujlsland grtthe
upe, . = an 1or e anc e, andgl e petwee
n2b, “ Cerils Uik yinsatoth modie s Rald paionce bAEIda valis:as thanthA aLaa o oc Chy
Wh' ch tfaﬁvg%édw e VW Byldtét?ndhsmhé déﬂb&%ﬁ%%%lan‘ée bdrbisy the zero

crossing of the driver eft velocity sensor, SL, (not shown on Fig. 1

i ) | agout bbplase with ispid pmmha@mohmdeﬂm@npmwcbﬂwéuber he 10 nornal i zed

h diff t I f the.t
Pho time del AJCINE =005 BIBR FONES ToRLWRLS carmfse adder ekt " ' °
vect or s ggid Ifalgﬁé@béﬂmsﬂégw&fb? hig$ VibFatinal Qﬁfpﬁﬁﬂlerlﬁ shitPCopbRs Jike density in
the fl owneter. phasé angl es are normalized (divided by frequency) to

endl e Mbéaﬂmttrwg gnst coypprserciiexibleeortiansoef said pplanse baf atiacaligns ofr aph. On
o, oo PR mdMeit Rsal CoRofE ke BRIORIGHE I Cocn Tacorial o

degsi L thhl | Anotheraspeed lsztllsaltdsﬂm_ﬂave rr;]ods d:maprisarsaah fiest bemdrrgme_ de ahe f | ow
t ube e viar w {erla nsi t Cha els the s | rior art
ter o Beraln shid CoBals e yigtHIER mYcE FmPEseR 8 secRn g Hesale MeBPeaent & a
| ess dense st r tude (and
VT oct Ty vornitief asheftis thar said niddHe TBr lerih fuReresifipheés &ghd ! ude |

30  center portion of said balance bar and an added mass on each side of said rigid

center portion and wherein said means far lowering further
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magni tude to that of the Longer vector 11t O as in prior art neters.
However, unlike prior art nmeters of Figures 27 and 28, the bal ance bar's
normal i zed phase angle has increased from~ b,~ ~~, to ~ bed4 bebruaryi 2003t he
increase in material density. The nornulized phase angle of the bal ance bar
vector 1110 increased because the 25 |ncrease in mterial density | owered

bendi ng FORDPes DREHE Fohuffe a5 hadnce i dtuodtions s B Sl b idia T e
anpl i tudﬁgfafcém@,r@ém@ﬁ in the second bendl ng node and thus a |arger

normal i zed phase angle ~ balbar2 The key to the present invention is that
t he change i nAnethesiaspeet lgIta%tesaamma@sé%lpwamegtfunaerc@maaseﬁe@wmd iM110 is

the corr 105 unchanged in both | ength
at | ocat sgﬂ ﬁ?%%gﬁtﬁéfs'@%%@@\fﬁe%géc& ~e, fromthe Vet vector 1105
withsa | ower Aeotheraspetiisithat saidfiéxibleeportien cumprises bé%wss unchanged in
length is a result of the electronic applitude cont of the neter 23 14

February 2003Angihes@speck camerises rpeens {ardegveng the P 9@ﬁ’ﬁ sRiingRf saifd pri or -
art et e giandBHar 4 oddc ¥ 6L Hant HiRubie) BEOAREE G RBNd oA o nase

angl e e resu C ang ance AP LTS endi ng
mode Cor saidibalandechar br at i on arrpl itude wit h mat er i aI density. This change

in CoriolisIAke vi bration a tudeo the5bi IF&Pr secondb ndi ng
mde i 5 si zedANBIIERASERF ATPTRRSIFRR: qsy:oaegn@ {heRifastiva seENS&F so ¢ hat
| 1S 18COggHd o ISR Gty (del SHd Saili HaaricB YN Sl FALEBRY S the correct

di stance away fromthe drive no reguency i t I'S correct frequency
separ at i on, tABothleoaepetEt i$ theat saj mbluatfcmor(cemratlmg;csmplmseslatlfft he change in

t | d t he f t d.ch I
bar secoNBTRPrb AR DRI 63 BB TEX I BeFTon EOGTSIH SeQUBoTHB ot
needed t&lﬂ%ﬁ?‘lc’eﬁ%r\ﬁdfco fsfig 4§@5,¢&g@gnged and the sensitivity of the

met er unchanged ch an I n neter w sensitivity with density due to a
shift in dri vénaﬂjeeaspeﬁtas that therpnd node of saidoflow tuhexand balanese biar is s

posgkbl e t he amount of flow sensitivity shift. It is
easy?/sto @éﬂﬁmﬁﬂrﬁﬁéﬁﬂ%kg?a&one by imagining 15 a fioweter with a bal ance
bar that is iARdthbE aspeditRvivddsea dubsantiailyestraight fidw iberand a stibstintially t he
proper resonant frequency). This bal ance bar would have a drive node

vi brati &traggItﬂme@ BAr.zero to bal ance the flow tube. Changing the fluid

density Nt hebWBALAGH |AERGds ABhDEYBYAR #5488 domd M and bOkigRle br at i on

fact or because ance par Vi ron a remain zero and
the fl ovbdriaviripa supled poitioand phase woul d renai n unchanged. Wth a nore

i b i I h h h
(o8t ube i APQtEr agpRctis ik SmEceripls e defoRlonm forpBTieR 18 SeROChr T e n
very S"qténdi@]ﬁmerﬁ?f sfdldl‘bglaﬂgé'%'aty significantly changes the | engt h of the

e bar Vel oci

bal anc vect or conpared to the flow tube velocity vector,
t he 25 bal ance bar veI oci tyDaschluneoﬂamosthbs The Iength of the flow

t ub | oci t t h t.h t t b b I t
vector but i HTHE 805 A00 Pl el AENEREgRS OF TS aetitBs el e RyBNIGn SRYAE. oo !
per cent agftep unbBRstOSI M & rdxdiA B?thé?fdﬂﬁw d/éiﬁﬂétf deﬁﬁ%ﬁﬁ%ér%f Radigrce bar

vel ocity vector renmains very n% npared to the flow tube vel ocity
vecdr , insenismation with them@\ﬂlngs in WBIQO bal ance bar vector with fluid

densi ty has t ity vector
and the ot el WEsT Bt ufctof flmgray il AR 3R Fhedule GBI BbRERIEG () wiih
change in fl FAiguréendistioses a%mg%wm the drive node vibration anplitude
of the flow tybe is aplproxmt% qual to 24 "' ~' ~ "' 14 February 2003
Figure 3 discloses a vi ratmg ?Iow tube.
Figure 4 discloses the Coriolis forces applied to the flow tube of Figure 3.
30 Figure 5 discloses the Coriolis response of the flow tube of Figure 3.

Figure 6 discloses a prior art straight tube Coriolis flowmeter.
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the drive node vibration anplitude of the balance bar. This is the case
illustrated by Fig. 27 and Fig. 28. In Fig. 27 the fluid has a | ow density
and the flow tube has a greater vibration anplitude than t He Felirearg 2003 r .
In.Fig. 28 the fluid has a high density and the bal ance bar has a higher

vi bration anplitude than the flow tube. !t 5 can readily be seen fromthese

figures that the chan in the phase. of the, net yelocity vector is |large

because bot hFE%e? :}cﬁﬂqf%9@%%‘5P?€PT{PE|§W&@%|PEEW&§?@%P§ ogérs"\ﬂ‘?oci ty

vect or yieCsfofd %W%%ftﬁ@?%tﬁdvdnﬂﬁﬂ.th with fluid density change. fn
n

summary, the _change in flow sensitivity due to a change in vibration
anpl i t ude r aFigures 9gnsht @ disclaserfraquency iesponse canyas ofitie flowmeter obthence bar

is near .10 | {0 the vibration anplitude of the flow tube. The change in
sensi tighvﬂgg\%ﬁg&g{" when the bal ance bar anplitude is very small conpared

to ghe anpli Figigeohi1tang 12 are Vabisr dib?rd?ﬁé of the'dindiB Wi ColiBlidAbWietePar .
drive node vibration anplitude has always been made very small by making it
as heavf the presaahinvemtion.possi bl e. This ninimzes the effect of the

changing vib ' ' ' ' ' it lescri bed

el sewhere he?@rﬁ?g %g%&ééﬁ%ﬁné?@b@ éh%é'wt’ gﬂé’i'gqﬁ@i\ehgsso@ﬁfg'g&mde

vi br at i bendinpimodelef thet balandebgeof he prosertliovsrtionsi tivity of the meter to
change with fluid density. Some of the other causes change the flow
sensitivity in the opposite direction as the drive node vibration anplitude
ratio changes. It thus is useful to recognize the relationship between

bal ance bar mass and flow 20 sensitivity shift. The bal ance bar nass can
then be chosen so that the shift in sensitivity due to drive node vibration
anplitude ratio change is opposite to and cancels the shift in sensitivity
due to other causes. One such other cause is the change in sensitivity due
to the change in the ratio of the Coriolis deflection anplitude to the

bal ance bar second bendi ng node anplitude with a change in 25 density.

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

| ow density material (Drive Freq. 1 ), a high density material (Drive Freq.
2), and the bal ance 30 bar second bendi ng node resonant frequency (Bal Bar
2"d Freq.). The Y-axis is the ratio of the bal ance bar second bendi ng
anplitude divided by the flow tube Coriolis anplitude. The solid curare is
the ratio for the bal ance bar second bendi ng anplitude with the |ight
material having drive frequency 1. Were the vertical line 25 14 February
2003 ' ' of the bal ance bar second resonant frequency intersects this curve
determ nes the bal ance bar second/flow tube Coriolis anplitude ratio. It

t hus can be seen that Drive Freq. 1 results in Bal Bar 2" Anplitude 1.

Li kew se, the dashed curve is the anplitude ratio for the bal ance bar
second bending with the nore dense material 5 having drive frequency 2.
Drive Freq. 2 results in Bal Bar 2"d Anplitude 2. It can be seen on Fig. 30
that the difference in anplitude ratio for a given shift in drive frequency
is a function of the |location of the bal ance bar second resonant frequency
wWith respect to the drive frequencies. If the separation is large, the
change in the bal ance bar second anplitude ratio with material density is
small. If 10 the frequency separation is small (if the Bal Bar 2"~ Freq.
Line were noved to the right), then the change in the bal ance bar second
anplitude ratio is large. !t can be seen in Fig. 7 that the bal ance bar
deflection in its second bending node | ooks |ike Coriolis deflection in a
second flow tube. Thus an increase in bal ance bar second bendi ng anplitude
results in an increase in the phase of the 15 bal ance bar velocity vector
shown in Fig. 71. Fig. 11 also shows that if the increase in phase with
density of the bal ance bar velocity vector is of the correct anount, then
the net velocity vector can renain unchanged in normalized phase and
anplitude. This nmeans that the flow sensitivity of the neter can remain
unchanged with changing density. Fig. 30 shows how t he bal ance bar second
20 bendi ng anplitude change with density can be adjusted by the frequency
separation between the bal ance bar second resonant frequency and the drive
frequency. Smaller frequency separation results in greater sensitivity
increase with density. Thus it is p?%%ible, by proper placenent of the

bal ance bar second bendi ng resonant equency, to design a flowreter having
a bal ance bar whose 25 velocity vector phase changes the proper anount to

| eave the net velocity vector unchanged with material density change. Such
a design produces a single tube



Coriolis flow neter that has a flow sensitivity that is not effected by
~material density. Figure 8 shows an enbodi nent where the aglfance bgéoasecond
béndi ng 30 node resonant frequency is above the drive fre foMath
sufficiently close to the drive frequency that the Coriolis deflections in

bal ance bar - 1 £ 4IPS Sedong ind o RBEMARe R I Afbrt e PRt
Coriolis béhaing fbdeiottise badntbearlobthe phesebbinvention.26 ' ~ ~ ~ ' 14

February 2003 eflectig_ns are ine(ighaﬁe with each other. This nmeans that the
phase of the fFEWEJRCISEPses ap embegiment ghtheqArsent IBREAYRANt he opposite

sign as the ph : i i : on
Fi gure 8, sensg?ﬁggeg (;Eha?ﬁej?* l@%\‘/&v?%s%zt@ eﬁg%r%gﬁ?éele{g ocngoegés%eﬁgheeréﬁﬁ%? e
di spl acen@atiofie #owiratendi FigusedSor SR on the 5 bal ance bar has not yet
crossed the zepo displ acenent _positiqn. The flow tube thus.hgs a l.eadjng
Phase and the EHURAE G5rones 2 Faimais smbedmerheble.oasis foutaEhchy
posi tive et reeaat inventies.nal i zed phase angl es respectively on Figure 12.

The magni tude of the flow tube normalized phase angle ~ ,~be is
proportional tbiguies 48pkd and& lodiselpse thewibratinmacltuacta risticd off |aceencaptugl | e

the 10 i f : bar nornmali zed phase angle ~ bal bar is

proport rg%g%'bhg&b%ecé@cﬁgﬁiae&ﬂgfers Coriolis Iike anplitude in its second

bendimg node. Figueen2De23ant J4dibtipee vithafidrad] chiva chastios ©f e F@@éwes li ke

anot her flow tube onlgyo,wi th negﬁgti ve Coriolis deflections. ' Figure 12 is
i

the vect ciiraighiiubm GefolisovenRsidiotdhe PRSSNE rwankian.-Fi gure 8. !'n 15 this
enbodi nent, thg; [ f [ he

i ve 11 oquency T Uraa Ty o Ehagrange snthdiend SCeThble shoRITAERL L,

t he Y axiffowmmetdreofithegresent iruansionThe fl ow tube velocity vector i204 V, ~~,

has a length at. | ocati pn, 1212 gpartional to jts .peak vel ocit r

nrpl tudey 1 n- TP sERNRsES 2 FicPRES paieted fmboduRs i Pl vamiaRe. bar
vel opg ty aRFhaving20surved flowtube dIRFauPsLAdIRy BRaht&Wat.ube has hi gher
vibration anplitude in the drive node than the bal ance bar. The

i nst ant aneous FigUERS 87 aad &8 angventendiegrenaifusiiingribe araratan obe2 8Er i ned
by the prgj : i % rs on the X-axis. The sum of the

fl ow tubeﬁaﬁgaﬁgﬁtgﬁ{c@ :%@b%{rﬁé@ﬁa}}‘b@%@% 'gg's is 1205 V~~, . The length of the
V~" vector 120hgumy 23andShillestretakhe edlationvshiy bétocenthedialence blae t wo

Vel oot ty SecopAralipRRlamiigRe ARG b o wbehorbis AuARosk ilk eReeEbta o i <

def lgect i Jirevaph drvEereg@enyi@soci ty) of the flow tube right sensor SR 1204 is
about three times as large as the bal ance bar Coriolis |ike second bendi ng

anpl i tude 1203 (or velocity) at Retailedfasctipiiooy) SR This is evident by

the 30 greater i PP Voo I €,

nor mal | sed. phatle Highed 8o BRRRR R fhe presenl Blaith uobinEeoIcH
nor nal i zed chlages imflow sensitivity resuMing frembeHsmge s wittr meesriad dengity @9 slniglee -
This is the result of having the second bendi ng resonant freguency above

the drivaube dQnERiprs e BiOviRion etia frtanceyg tieat-activelyrespendsidiifr y 2003
= Zﬁet et lf‘gede\ﬁé‘étior‘éﬁﬁff?{e M%@é‘.%h%‘ﬁa?%’n@é!b?r'rec‘seotd?ﬁe'\%téiﬁts' fpdel ay by
rodu ght "ve y Sensor ea

whi ch the voltage p ced by the i oCi s the zero
cr ossi ng changbe inimaterial demsity éf suctehovdyt gs kecmmiter tBe,changte inlsenmsitivityFi g. 11
) lags the, driver by the.s tinme delgy. The ti difference between the
Jol ¢ age. ISty oarorSingte Tusd Bieters. Juioudao HoTEriped Foonans BOTR trmos
Flow rat ¢ ndbgs ks I Sndedt A P tHe nAtued bEhb L SR 16128 drefd fioWtubeotheasi ng

the material density in the flowmeter. Once again the phase angles are
nor nal i zdistedion thisoprieduces iuthecow tubes @ald how the distortiors refsuitsinipinagensi ti es

to di graph. It can be seen in Figure 12 that the
flo%ﬁtubgR!ﬁg@gggﬁﬁggg’n@ﬁ%ude (and 10 velocity) vector 1204 has decreased
in nmagni tude fRiguret hitlater desefbéd@and s d vieetor ldRigram of the vibrational

velocities of the flowmeter of Figure 6.
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of location 1208 with the increased material density while its normalized
phase ~ tube has renmai ned unchanged. The bal ance bar anpl it ud a
vel ocity) vector 1203 in the drive node has increased to {'%Eegrél'%a'gbogector
1210. However, unlike prior art neters) and unlike the enbodi ment of Figure

7, the bal ance PRjuré 2ldhowar salbezed thieogh WhidrembasriZl e fieasRflaé Mwerdes| oser
to the X-axis) from~ bal bar 1 to ~ balbar2 with the increase in materi al

density. TeRUMBIHREkWISR abaults entR@1.of hereornirlisdatee PRI ukit lanail ofi tuhecd@R e
the incre ' { el Lt : [QVA=> e d noved
0t urt ner s FRLED HEm B Ehlaoh 3P LBtol e aieio A Cand SeRaR 18w
frequency. Thi sCodslid Acxblenation svayl beeexgiessotias: | i ke vibration 20 anplitude
in the second bending node and thus a snaller nornalized phase angle.
Becaus® t he Aoladd @nygl & )i s negative, hovweweanguldeveleeiease~results in a
gain in the neter sensitivity. The key to the enbodi nent with the bal ance
bar second bendi ng resonant frequency aboxentesdalveloeityf requency, as in the

enbodi ment_ of, Filgure 7 and 12, is 55 that the change in nornalized phase
angl e of tReYS ROEe HAPaYPE #XBES8PF RSchange is the anount needed to | eave
t he V~~, vector ,1205,,unchangaed in both l,ength, an ormal i zed phase angl e.
The V'e, v CT?{AD iQSuﬁc nged in Ier*\gt%}ngéear?qu%{ﬁt of the electronic
anplitude control of the neter which is found i.n, both the present invention
and in prior art meters. The V~~t vect o T5patefial ‘E@I?ﬂ’aYnged inits 30

nor nelg zedhafiterflINg =fsaay resul t of the chandgowarélhe bal ance bar second
bending anplitude with matérial density. This change in anplitude of the
bal ance bar second bendi ng node is sized = WbeHengthgni t ude needed by

desi gning the bal ance bar_so that its second bendi ng node resonant
frequency fs=t4A€é @ et V2B ' ' ' ' -14 February 2003 di stance away from
the drive node frequency. At the correct frequency separation, the sl ope of
the anplifipcation curve is such that the change in material density changes
the frequehc 2’}@9@&?&1 gy and changes the bal ance bar second bendi ng node
anpl i tude tthe anpbunt needed to | eave the V"8, vector 1205 unchanged and 5
the sensitivity of the neter unchanged. Fig.29 illustrates how the bal ance
bar second bendi ng anplitude changes as the material density (and thus
drive fredwncy) changes. Fig. 29 is the same as Fig, 30 only the bal ance
bar second bendi ng resonant frequency is above the drive frequency rather

t han Bel owit. A®in Fig.30, the solid cura{le is, the anplification 10 ratio
for t'Re bapdnZe Ber with the |ight meTénrds "AYVA¥y drive frequency 1. .Were
the vertical line of the bal ance bar second resonant frequency intersects
this curve determ nes the bal ance bar secondl fl ow tube Coriolis anpl.itude
ratio. It thus can be seen that Drive Freq. 1 results in Bal Bar 2"
Anplitude 1F.Li k®&w se, the dashed curve is the anplitude ratio for the

bal ance bar—ses@Mdx bé&ndi ng with the nore 15 dense material having drive
frequen;,y £ Drive Freq. 2 results in Bal Bar 2" Anplitude 2. In Fig.29 it
can be seen that as the material density increases and the drive frequency
decr eases i on I f e I bar
second be HF%or?og%gégctnetﬁf'P 3‘3&%3'4@#‘ galg}égt.h ‘Sllﬁlggg? @?uﬁ%qs% ea&gl' cr egge in
t he bal anfihed200 fEertatthgosntie sgmrnate tndahe Phass flow Fate. is292 shaietheeudiibutar
anpl i tude 2 ﬁfor hi gher density material) is |ower than bal ance bar

anpl i t udethe flawdubRcr ease in anplitude results in a decrease in the
magnppude of t : : e leaddovgyer)
becat%éée t he phgggeLp g?;?‘ﬂ%éﬁgg'gi‘ f @@q%éel@ggéﬁggggaeﬁwné{ggyﬁ%@ elas an

i ncrease 801 @inds30lbuttib dixbdliratiensibtion abbnds 801andt302. Flovstubec3@hise of

bal b h d f ti 25 wit terial, d it
enabl oo 1 HErEE BetDEf T Pe i benuia Mgl i Rt A Rt S B ibse.
In Fig. 28ingswhile ma&eriaCoi@rslidt ©rR9ae flow g physks frﬂbhgh ftgrstraidgrtven
shift in drive frequency is a function of the |ocation of the bal ance bar

second r ekx@iadisplacequents positiom 3P stewnwardst e left halé rotatepielackeise while e
o et cngarha e WOnfciEBpRaLg. HR RieRGits ACER M FEAER ' ()

the Bal Bar 2" Freq. Line were noved to the left), then the change in the
bal ance bar second anplitude ratio is |large. Thus, by designing the correct
frequency separation) the change in baltéce bar velocity vector phase can
be set to produce a constant net vector. 29 14 February 200 ' ' '



In summary, it can be seen in Fig. 8 that the bal ance bar deflection inits
second bendi ng node | ooks |ike negative Coriolis deflecti j | P) a-55 d
" flow tube. Thus a decrease in bal ance bar second bendi ng ﬁﬁe HeRe sults
in a decrease in the negative phase of the bal ance bar velocity vector
shown in Fig. 12. FLg. 12 .5 also sho hat_1f the decrease in_negative
Shase wit RPETeAERey Sie crftel sl Re Bt o En RN e REBEET et
anount, t fieftitiulien RECovieli®fdres bactherflowrfubeeBB0 Asunshssriethrbuggsnal | zed
phase and anplitude, This nmeans that the flow sensitivity of the neter can

remai n undiRRldgement 863 imehrpvpendeigyre ¢. ThegCoriolisfrige inwrrrsitgdirpstiandar
second bendj ' ] | St :
frequency&gieﬂp;%rm gc{?%)lké%g?%@?ﬁemobtaerrgg%&%b@#@@@gﬁ%eg%s%%gﬁt ?%egﬁrelél%i and
t he d§i vefotceedindnishies Tohrero 4t the qerden ihdcauseythprropetiorpbiathenabe dirhinidnes

bal ance bar second bendi ng resonant frequency) to design a flowreter having
a bal ancdoF&ORhBECqWehci ty vect or phase changes the proper anount to

| eave the net yelifgl mbjofRAtErondaiARBEH vilrhingRise 5o Stangideys shange. Such

a design 15 produces a single tube Coriolis fTow neter that has a w
sensi ti vimtatinigdubé 208« Figurec? isdthiay vibazting tbed308 idogs rith eofatesentinuiowsbmt i on

F osonant 1 Slens e TRRERAS M Sstier ADBerTRANEN S tectiaR BOPRE doR tafifiy o
abovep t heardrdeye ahd S8IEBEYlS fatcB@thendine Mo fubdie Aeabamee reauit saeanthe20

bendi ng node is excited by the Coriolis deflections of the flow tube. In
both enbdTRERIHES aae LS TBresaf Fiawiechvar sihiseigrlnvahdime mithdheunct | on

of the S%Q*iﬁ{%ng?ﬁagﬁﬁg%’}hb*?Foﬁﬁ?t%“ﬁbfa‘?%‘ﬁ serSB@@%@Eoeéﬁﬂ»liﬁﬁ% 4Hd ve

frequency. ment's a proper separation osen such that
t he fl owmeaxigium velogityés shewmedre Figuiré 14. ieror@epelisifonte otcomtar thalerdizasi ty.

25 Desi Details Th di d I pt.i h It with the desired
For ot ondionclube S Be SeRLTBR AR RS eunaXimin Yia o8 erplkide BAR 8 ey 1o t he
firsts bergiqiay e fhi BéndingqUATEYmodee TRERELIBAy bRthd fifuddigauency of the

second bendi ng node | ocated bel ow the first bending node drive frequency so
t hat t he applieation efthgCasislisiforog tothedlsw wibe isthagame ap thefreguancyiahnsity.

l_la i h . ») i . f'. H d d .
frequancy 1t § K e AR MmN RN 1 B laBBT R TRC° 2l o
detai |l s witgatitryfrebuendys acconplished follow. 30 ., .. ,. 14 February 2003

The two factors that determ.,ne resonant frequenc f a.vijbrating structure
e mos ana Faw fibe SELEETHE T ERRRATSR tp b HELORIG COTPI 1REre 5 SEOVR ife
Whergy S#fqlﬁ. r+ the
secozﬁ)d ben |ﬁ;§rr1t-) es@ﬁ@%ﬁgﬂ???g%ﬂg@% ﬁgﬁlgo%%b?gwsggﬁﬁﬁgggg%%ﬁ Ihchanges
must be mesponse tothe Corioknforcads thel tube palsses doxnwardithraughezeres fir st

Fr equenceRarereard i1 S iR o Tiop RtEhe T R e R LB B e ve
to | over akliefigesspwial theo@gh 2B HrpRIteRieritlie gue aye phoddleNsrchattHeendi ng
node so that is |lower than the first bendi.ng node drive frequency requires

that t he OFlYSROIBIRD K8 Hawtiae Hratisin tiet RREENGAPravghripiat dbisiinstaprldadh@ner e

it Eegrsgg‘é%iﬁ‘bro%t%if %Y fubeareife 5Rap8of Brftfe 58 bimiEr & (MY secoR@ S rhd AR JERSS
shape. 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 well below its second bending resonant

30  frequency, this Coriolis caused deformation of Figure 5 and the Coriolis force of

Figure 4 occur in phase with each other. Flow 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
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16 of low vibration anplitude has little effect. Likew se changlng
stiffness, k, in areas of |ow bending nonent has little e% é es 13
and 14 show t he node shapes and bendi ng nonment di agrans o t R leSt and
second bendi ng nodes of bal ance bar 1301. In order to soften (lower) k in
the seconfiguead oy thedeven Mhra‘ﬂorsofﬁgurmg Rhiisistsrewr os Fiheeadi Bothode, 20
bal ance bar 1301 stiffness.c e.reduced, in . those are where jts bending
moment | SURECSS e A TR St REP O PG ChsAd R ARVt eV RE BheSha

bendi ng nekifted Prshetichi dtrér béfﬁmbtykiegfee@ %@@oﬂi@ll@m@uéédﬁ Vi dehesrt t wo

| ocations to be 1306 and 130 Lowering the stiffness, Kk, bal ance bar
1301 at | meximems(soBdénaaloasas when thedirstdbestding maste ista ZEF%@]@@H@?”@P’M he

[ 5ts bengiong JRI808! THEIUEAOISAZRLSLARG: bREohES Yeby Whehing Bl ey

st raight ese oca rons in
bendi ng nmaee iFlat snaxiowen dr@ladmnaitl(ﬂﬁsimnraés)l Gigured s drildgcastold@dredoes

not effect  t first bendihg node freque as shown on
Figure 14410 @@éﬂn (GRESSETHS 16 1516 08 IRURV 3B BLeth B A oORR RIeRBpTS AL
second b E9UE eI 1D 110 454 980 ERR<8LIZLTIRRS 013, SRIhAdirh el S dht e

bal ance 30 ar at Its locatlons 1308 owers the second bendi ng
mode fr ecﬂmaqnly 3he Cdmahsébrmw;,ncncencniaeunﬂucsd dotlectiong areqd afrnewm;m'_ty of

bal e bar rai_sed. by, i nereasin ess. > areas
oher I “fhotie, AL aBEaR R of BIdPE 4 e EorBta e SmPsh i o e e
second bemdrlnragel o zérdoWREh fige GBMETlonns dlowZeibe- 30D R ches n@fm.-ﬂ:muhe 14
shows this |ocation to be 1307. An msgectlon of 5 Figures 13 and 14

i ndi cat edNEBET 8N YRVRICGSSH dawwangdirgstian At ”1‘8@'@%5@9 yelecihob®tediewy nmonent
inits f'tbgé I%’E%dgﬂd FB%‘?'e%e@ngé@h%‘?’oﬁ?fi%@?ﬁ de*?g&ﬂia{%g d@lﬁﬁ?ﬁeh&tc}rﬁ

second b ance an 1 ncreased
sti f f nessThus, Meanrﬁ.&QVdaMOdndha\reswor‘megmmwrdn F/ngulferﬁqaaeszymwbmbally #avi ng the

seco bendi no frequenc ure cted, .10 To furt, ower
the cowaﬁﬂaﬁﬁg?%&@%?&ﬁi@w 2o wbe A el sivsa Ol b de
frequencyhendity Hﬁﬁ’e Qét“@rﬁﬁ'é:ﬁé&ﬁﬁun’?ﬁ%nt%@ﬁ&?né@ﬁfm@chﬂn by ﬁ@ dﬁ(/@as

t hat have h| a nplitude in the second bendi ng de and low anhplitude in

the firstsi leﬂr@ m@btudﬁwfsthes£3¢rcnilatd|&n4@cemamioshqwrbnn Figwess argl® Al so,

1517 15 PerareBadeRled B aaff s AohbER ThyaB oS Bt enalng

nmode freqmeplitide Of tee firsa beeriindmosie et flow tEbgtBOQSbélc’éueedhémst bbadmgbr ation
arrplltudef r.the first bendin delscR hat IocatloR EO? while the .
vi b2t i ofinegHis EHRN Pbﬁhetwogegbﬁmm. ejaw thRe apd, thg CosiRlisunene isi gure -

14. Thus, no'ie"m\lv‘s”?'nééaﬁoﬁg dbutrnggéﬁs Ehowh! r?ﬁﬁiﬁé’ﬂg&r%@@r@?réﬂ@ bal ance bar

rai ses the drive trequency es not affect t he seCond bendi ng node
frequencﬁxaggguned15 show~an enbodi nent of this design. Bal ance bar 1503

ci ther i de of T4 Bt pelSrancs i &Y bl fouckibio R bid fEeRd lad ve” "
frequencyesuit of mlel smiérposmbh ebf ithe fl@@éﬁdhb%dﬁﬁﬁ&ﬁddb%ﬂdltﬁg Coriefisiency i
consi derably. 1504 and 1505 is_al so 25 added to the bal ance b 1503

out $Pde Gﬁﬂ?ﬁ@n e&tr@efdp\ytww n &y Eigugg b dhcarsbe sgam thalgight yalosity sepser
db I
bortion TseS 28R SispiRCtaRnY botd B yeldli sorsof ST PR bOTaLI et Yf%—‘;ﬁm

t he resuldft sensbriara m)detmhaqwagel tagRihgphaskof shevight Sensoe anbtitsrautput
Corioli d di d f t fl t i 15. 30

i gure 1800 CARSERE dhBuaRRate SO IhavEH Fereara R ipAaIeRtE808 and
1809 to frfedlé@teséds%r@d amRe mrse%ﬂféréneégerm@demw@ pRpbrtRnaHoee 18 is

simlar to that of ‘gures 15 hat ‘it has a center el enent

18080 conpmpiitude ebthsl Sadoelis irsbeed displageneertsyhiinis, in tum eprogodichaditonthet
further a8 3fw rate. :

The present invention involves shifting the frequency order of the various
mode shapes of the balance bar. The vibration modes are defined according to

18



14 February 2003 a reduced mass area 1807 conparable to el ement 1507

. on Figure 15. It also has added masses 1504 and 1505 conp%%ﬁbég to:>e e
added rmsses of Figure 15. Flexible bellow 1808 and 1809 © P@Uﬁ 8 have

reduced stiffness conparable to elenments 1508 and 1509 on Figure 15. These

characteristics of th nbodi ment of . 5 Eiqure, 18 serve to raise fhe drive
frequencyﬂ?ﬁiﬁs BT Tﬁe’ﬁ?vgﬁ@é’ﬁ&}y dee[rhjr%ef‘érahée %'Hﬂirﬂ%é"?rﬁ’ﬁg‘?rﬁa{tﬁ'ébgane
nanner  as réfe rigiietoCAs that @hownein ireThe @bcbhdbefdiby mbbe sl BEDf B

features described for_Figures 15-18 can at best bring the second bendi ng

node freqGBARG SHPWhaINanigETSHAr AlBtRiuwigistibat the mogetnusebrriingarade theri ve)
f i i t ] t 1 ti
00 e YA 98 T o Py 13t

of the ba as no mass an fnéss af'eas of the

bal anée bsecdway basdhede (dt ties end$ antihin theroedteex t Tathigasendind mosentasafour
section of the bal ance bar can be conpletely neglected and bal ance bar 1503
behaves | PREEEV®ICi ndependent cantil ever beans 1511 (Figure 19). The first

bendi ng (drive e it i

Coriolis- secong1 ggﬁg?ﬁté méy@ﬂgﬂ@'@%ﬁ“ﬁ%ﬁﬁguﬁg&% S%Ihoe'?l% isS no

di f f er enceibratesihie thelfisstdending sivdpenddatkeeny réspansievte Caritdis ford es exrotie
bendi ng de ,except. ch in the drive .nD f Eigure 20, th bal ance
barbeam LRA40R8: Tiaa B AhBKs it sheRduBe ctblsdiaiie o nBeR 3P Bure 21
they 1are fel tobe BoASEnAVRIDE ISR DA ST cormdtied b erhgs berds0Pasd BOY at the
connected, their Phase rel ationship wth each other nakes no difference to

20 their pedvrbhalanceRanfZesTherrold lings efftigHte BshawsdlopotubediOipande) node
of Figure t ir T [ node of
i gur o 2008t REE Bl QUL B8 Bord AebBamenT R RS e By BEEa g o
f requencidrive) modewithirmaterial fowe Ny Coryliseeitedtions applir oh balante Bdre6GPr i ng
stiffness of the &ajﬁn;:ge ﬁar SO tp’at it has |less stiffness in the second
bendi ng _n?ﬁig'%et anPPas édf“inP§_ts Bé’ﬁﬂ?rﬁ@"‘f‘r@@@.a”ﬁ%al_égg%ﬁééabﬁhetqﬁtwad@si gn
featyse 'éxt%ﬁ%fﬁé‘?r@ﬁl'a%%%tfﬁé fifsy b@ﬁéﬁm‘ge(;:&}i(/éﬁﬁ\'ogss“ff (except for the two

reduced stiffness zones 1508 and 1509 of” Fi gure j so that nost of the
f1 exi ng occur sFignr@riase veatondieprarmidischasing thef viheatonaf véjatities geberategd03

bar 1503 B PO EIEE Sl SyalbBl b e BB gt Ay Ca R YR nd ol
1511. Thig. trae rebporéé of theoflow eulw anbetdiyht ¥bfceity iseAs6SRNg véétomibal ance bar
1603 and co,ncentratlgpgat he spri gg}l n brace bar 1502 so that the spring is

adj acent Which{asca parding Phagewd hipa. rerresented biiha anole betwermveriee 193

i gy i ' j f ] 33 14

S1an4 | Coi 1 RO 10 SHAGIAN Y SBEGRY pukrdlnld s BRUEOIBCARor 33 1

dri ve noddbrationamplitudedincaithey.ar€ipgopartigsall.hidsprojecticrnoe thaKearde bar drive
d i brati li.t ude, | ' ti it fl t ube.

Vi brat | o CRIArELaE NS RFAER R atiRay, helirct bl iRhsTae® tardt abY BRIEP node

pl ane 22Qa ppeiswedrsmf4:)04v102ckoBE Haldite b is ree alfattedHthe Yot atear y node

pl ane 2201 is a zero vibration plane and vibrates with neither the flow

t ube nor GerolisdioaerRsondhe flpw tpbgulhealangacharvecter 10feisehomn alppgdbeon

anpl44 ud atd : ne 22 i | At way
petviien TEaL AN SHOZIENY iR Gk o Tie vRgle? SEFH ARAIELBR I befpeel Sy
has a nuddariveskorsis beetar d0Sanmith hada fleasd mglerc;g,ﬁ{ repessentiag the Botritgmed or e,
stationary node Bhane 2201 in t%r (i&?lar 1502 is located very. near flow

tube 150 eciy grpplitydesiap Pwlewégmrﬁaelaréca:%reewédbagmfﬂ_%hary i
node p a%f%%%qﬁysgﬁg b 95t nsbPSHR l%ﬁaﬁ?ﬁgﬁh%e%?@ié:@i%%kﬁb' n eac

brace ba 502. rtereffective spring o ance Fi gure
22 gi ves alona Wheglreducfidreint phasesandlé farsd metansedmtivityh iseduectof thetlaok o§pr i ng

of ance bar 03.,0f 15 Fiqure 23. Wih st, of the spring function of
bal afrce | i\asfﬁé?!ogy‘i’%lPﬁ%nf:ﬁ_%ﬂéfkﬁorb‘éﬁrg’oﬂéggf’g@_tHPﬁﬁ’é‘?te S-ow t ubel bal ance
bar anpl i tude Fighted PPAHHEB ard veckliAG@ant for @l pridrain RletédHaviry afferdge bar
spring region than a |ower anplitude ratio. Thus designing the nmeter so
that it eaRPlguge gakes duele arhangslinmaietalrdenstyi ucempatsan between the

two diagrams would normally be meaningless because the density difference
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the first bending (drive) node than in the Coriolis-second bendi ng node can
rresult 20 in the Coriolis-second bending node having a |l o .
frequency than the first bending (drive) node. This is exﬁ?gfe%@a%w The
vi bration anmplitude ratio.in the drive r“) IS deterrrinedn’% he mass and
stiffness T@F'U{tﬁé‘ BREITY INuPTiMS TReAURBRY @8 Svell &s flpwiupepdassp1ThETE 48l WiSce bar
1503 have fifr e M t I

RG2S PAVE Al !fe%ﬁ H?ﬂn%ﬁlz(eﬂ f’ortfgf‘%éﬂéﬁ Wﬂétﬁn@)ﬂ?ﬂﬁ&é that

bal anced ter) thent oW ng r shipi1s true: ~i Kbb
M Mb 30 tAbgmaselsdnavavbaﬁn @wdséubyame tubavfrequemeyt. ulhédlodmaliséd/phabdvbb 34

anpl 1 tude o ars y Tef 334, ‘SRR FaERRs 9Rs BEnLE RpastangRi mes
rati o ;nd gropbhivedstd AibedrédiincPahe tidimalized\bhAééRngldshdt thé fldw Mbes.are

Therefore, far bal ance bar 1503 to have a | ower vibration anplitude than

f1 ow t ube inGerendant obubmbequrRicyndeesnarmalized Rhase@ngle phike daw tybe of ness
h he f Lol

e e 87" hutforg RS R A ANEDT o ERLREH) OB (o PRRiglih

anpl i t ude ratg and contgagisbhs bechrasdherningidt betFigure 37 i3 avetivhelidgram fonc

bal b 03 d hi d b i | 03 d
sl ooy mistar g SARIRTLely JaTos SRpiiDg YeRtan A IDANE ueIAteD STAL Loy
is thy thasidl baNMNoNOEss R 1:3%% h%é{@@@%@pﬁ@%h&%@%{&n he

bal ance bar 1503. This nakes t ring rate o
drive noddheniigh tubevettor bas amqrma baseotidng, witheresipenttethe Xiaxis

ow bocauaf R e B TRIGE bar Y Shaer 206 92 EBE s ot S Ry My RE R, U '

Coriolis fbaee. anBr@on@erbalﬁreceedWsmr v t1des PT0S e dEOBE \aRisk Zmparode i s
hi gh because it is bei ng excited by the Corjolis deflection of flow tube

1501 at ohavifgra velocsre Hdne:béfﬁﬂihh‘ﬁn%d@fﬂ'@égﬁarﬂhaﬁﬁe%ﬂ%@ym ™it8 TEFBRE! to
{ubelsal antexbalis SrRbaULANR APl hy dRabREhpaldl, ThE AR kObeMaRAfRATSLPeNTI 1O
node T's thus ow and results In e ationary node planes beling close to
fl ow t ube atriflitude hato |sakesnangUbaloanemobai703mveng§'085 relatively Tong and

t he bal ance bar., spri rate to In t Lol i second bendi n de. This

| oners the secgl‘ﬂipﬁégrégﬁsr‘?gv‘?ﬁﬁﬁr Q@thﬁégo ‘?’er?tl% hég%@gﬂgﬁ@)ﬁg node
with the kgl tdbedgmpafude vestor 2808 dnd fmur@wargswaﬁ@ bhevadtbr at i on
anplitude ratio is high in the drive node and is ' lowin the Coriolis second

bendi ng nB8E§ f@ﬁé’“bﬂl’%?ﬁbé mmerimtpﬁgls,dG(Wb'cﬁ hecliow tube veetas &/ :harha§5§02) are
stifhgr 3 [ C Thi s
enab?gs t 8@3@0%%’5]%%%%?{% Eeha {égbggl{ﬂ&%?@( hgﬂ\?eéa oﬁﬂg b%r equency t harn t he
first bend¥ipg, thas\zeroptiese ahd is deincidbntwitly tlﬂé)ﬁ(-ams 2B02s t]'rhquctot semeofar e
freg ency

tour design features that, enahl e, th | ance bar segon
o e bel Blbseriboyatiers s tag Reor v s caB8 e Phanalifed angls of ¥ u
respect to the X-axis 2802. The imaginary axis is 2801.

In comparing the vector diagrams of Figure 27 with that of Figure 28 it can
25  be seen that the normalized phase of the resultant vector 2705 for the lighter
density material flow is larger than the normalized phase of the resultant vector
2805 of Figure 28 for a material flow of greater density. Recalling that the
normalized phase of the resultant vector on each of Figures 27 and 28 is the time
delay of the velocity sensor of the associated flowmeter, it can be observed that a
30 flowmeter operating with a material flow of lower density has greater sensitivity
than does the same flowmeter operating with a materia! flow of a higher density.
From this it can also be seen that a single tube flowmeter inherently has a greater
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stiffness is lowered on both sides of its central region 1506. This | owers
. the.bal ance bar second bendi ng resonant frequency. This is b enent s
7 508 5 and 1509 which are flexible and have a IOM/sprlng1ﬂg%@““§%g§%% t he
mass of bal ance bar 1503 is reduced in its central region 1506 and

I ncr easedy bW?éHsﬁmkEug%%rH@:t%e &t Ergﬂgﬁg&rﬁph@r’}ﬁé @agreléﬂ%aﬂd

1509. This rarses t rrve Trequency the ar second
bendi ng mbarehdavigrueateyialsThiguwre aaaj ance bar 1503 is made stl ff inits beam
el ements 1511 t hat much,o e 10 r the .vibrati st.ructure
occurs in br acj?’ﬁaﬁm %Tenlﬂq} g”ecfa@@g?{’)w ﬂ%néﬁewndar"h%ﬁ 2%@‘{'??? Ress to
becone a BHF&WCE%rQJhds'éeséb'ohH%én@ih%am%'etﬂégsnéﬁttftéhﬁd%ﬁig%h’bhg)( bW tHebe

and the bal ance bar. Fourth, the réelative mass and stiffnesS fl ow tube
1501 &nd fiest Heodinganods asive drequencymdbeierivlisingducerd deflaetian ohflewiibe ude

ori o1 1 5. 8et B R dhdro Heleh B e e T alal BB s ng

nmode t o he@® amdreaso Nhing vtbtatutemplnmldegﬁtthd bataret a6 0D @ibfraticn |rbwdl ng
(drive) node. |t may not be necessarg to enploy all of these desi

features $eFAnfBeNdiRg MpdeisRIopatiosa @ﬁaefG@@M@rftejl%losearﬂetlfadﬁtQi om. ve
frequencyy,plt 0%9&&%&%@3@& Shi¥nhPodAB Jﬂé{te%'é\Pg&ber{e.tt‘ﬁé%%ﬂ@h‘ ?@n

reduce the b ance bar econd ben requency
the d0i veof bagnesmbwr éﬁmrghs shedmd bencﬂ:hgwme@msntﬁngutewwé alsloea fartation roémae ns

i ndependent of e en ot e d| ment of t resent
| hvent i orsenaTaion ket eEstisnding stk (e deohEaEN ahd thaé:ﬁmﬁey

pl aced absw&ﬁdf&rw*h%ﬁﬁdee@ssnsm fré@e‘mgonmé elBser e sfio %ﬁ'ﬁp?%ﬂ@d@%i gn

t echni ques as descri for the first enbodi nment . ference is
t hat the fhequsnsy afdhe balanse hﬁén@llmgwerfggbhandmgrreqd@mdyvetde@qmtcyhme to be

nor mal 1y S1EEVE il B B8R UL 56 BE e BERAKE Bel 1T R aeiplo BeM i ency
that1§t imodet mts:rélex@brfshgﬂlsfsmmt inyd dagtil bheF@on'a Dhitickies & geaptoohthel the
flow tube (which occyr at drive frequency). In order to | ower the 30

smal | er afipiatenpbamppiiudedatio af tt@ﬁalam Qangtéggaw%hpydm mpEe o/ w of
the desi ef;%%ah&téeéefegtorf]ef FRHMy | Y}ér@u%?@fd BEtweldtPtHY ﬁrﬁz‘-‘géﬁtﬂn

descri be diments o e |nvent|on ave the Tormoft a single stra?ght
t ube Wi t tmadpédwe)érequ@hamaedbhe bategicacbartGOF $mortd1bendtmg|reoﬂ|asemm136

' 14 Fe ry. 200 ane. only, for..cl a it i nventiv concepts.
The pri n(,ff?ﬁqeeé-'c hWe’éﬁﬁ'ﬁ?ng ﬁlcggesytpe rﬁgo bﬁv‘@(ﬁ ”ﬁ??ﬁb*&bg?”gtﬂ%ml? well to a
si ng@d® st(tavg fredudrcyGaid tlel secbhawapida dgmotdb r@sﬁmtenﬁéqu@nd@eéfan@malmce
(Figure 25) as well as to single curved tube flowrreters gure 26) W|th

concent r |q,arbérhe§r&’:éx'ﬁzﬂos" rﬁfﬁeﬁﬂ%fr@r araalitgaliom faster afdhe t@"@“ﬁgﬁ%o@“@t? ai ght
tub t b f 26, f
ube wi ave tﬁé(%@% AL 23R% arebférerp th%@?m‘ﬁs%&s s@qhﬁ gédt‘?’rﬂgagrglérb%r or

clarity, ance orit rerm at w tube can
be seen. G2jisrad aZﬁaxmumevtmmthﬂeeratnomm«;mlhe:dnwfmqeeboylanelnhe sibend

nbod t of 25 1| f F th t th
bal ance: endinsyitide Tesra dency o) heibelancs baas 1wl alomis s hnce
10 bay 2$9§p¢r$secmmeﬁtr@obaan¢é saﬁegéreage?taﬁ@rdeezre‘io 2&98 n&%éklﬁmnt ‘AQQh8501

The center portion of the bal ance bar i ght weight due to void
2507. Secaliontthse Hequersdes an én@ireraeumegreatenm 1Bhl The Eainlis 2503

and- 1505 "BrP sy FRbe TR iar g oBfh 8RS et LR ERAR AT S5 ReFaliP B best™

pernits tWe frrfendidscsttiontesteds tHan bnequency of bal ance bar 2503 to be
| ower than the first bending node (drive) frequency and provides the sane

advant ages f orh@&" ?%é’@cﬁ%ﬂ%ﬁf‘%ﬂ%g dhaiche iiane of the Wége@SMPeBQFance
bar 03tﬁé‘ﬂe§g|§ﬁm}ﬁf§i io°d er&?e@éH%fr@ﬂ’peﬁﬁgcﬁFec§183t "Ier{h%g’gﬁh alfd

di scl oses rs simtar | h nost Tespects at o 9%0 Fi gure
25 excepdrivedtequieony promiuic28Glbigadr changaiin thersticopddmning modeampliteebar
of the balance bar if the frequency ratio is near one than if it is further away. It is

this change in siope of this amplification curve that is used in the present invention
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2603 are not straight but instead, are curved upwards from horizontal at
portions 2615 and 2616 from which they extend upward unt| 452:%?%'3 the
transition fromvertical to a horizontal at areas 2617 and e center
portion 2606 of brace bar 2603 has a | ow mass area 2607 conprising a void
and el ongatedetarsrieanhab theeguaney sepwatipn showddie inaTaer {0 peegisely taneel

manner aq 116 EEERITsoil G SRNRBIRS Aol B BhariEAgt e OZ-08EE,
the sane manner This rdatidrsiinissusedh acvbrdaite with tprmbadlnmnno@io Ea:hguve

22-24. On Fi gure 25, neter electronics el ement 2420 plies drives si (r:;nal S
via 30 pat A fiexwmetes havings flet ciitratien GArerand corstAnt va&pa&@wiy fPagRiEN® t o

vibratg thﬁo@k%‘f’o‘i!@%n?é@#xﬁ‘é@ bal ance bar 2503 out of phase with each

ot her at a resonan rive frequency. Wth material flowin the vibrating
fl ow tube, Cori bigwef/odiselsses theppibodiment inlvehi¢h the balaece badsttend its

left-h d | t _of ph ith r t,to, 37 14 F Q03,,it
(| gh - nancbaRPBIROSE FoeorlaRY gAY I DEP e REYE frastiepey DL S UbePoG ar o

det ect ed b?z‘loééfté t$& BRoE fr%huéﬂé 5bdAht GEAGIR' detdctiSh IRihe fGPTaECELditRGhEhe
Coriolis deflections are appl |ed over paths 2421 and 2422 to neter

el ect ron| csembﬁmilog moede Eosiels tike vibrglinnssnitine baancerharntindmal manner to

ot or R 1 orBBUm B LA HAR e hBESSA T Bheifo it o8 MU uBr s ) e
materi al fficwtiloe Sorielis deflactiriglae 2o, oquhlaserwxiﬁ eddH ttheen@era @suitnide ri ght
sensor SR each corrprl se the coill magw@ pair with the nmagnets bein

desi gnat ecP'TﬂS?n@l e fiow tibe velpgity At g sepsendiatathe $afee sign assthe %‘a@nd SR
of each ¢ tﬁm&t\c Baf veldSit c’g a¢ h%”lt?ﬁ'q ?ﬁ?&r %hs Eh ﬁ%nzlgllggfﬁ Z.‘ L{3F loR

associ ate W|th an ectrom ot shown) conpa o neter
el ect roni can Bdmthemm/vwﬁmdndehe bafarigecharénalé ad;'eadyarrbgsddam«aaeml ver D, a

| ef t L d ht S L | t f Fi
26 siTie diePreamripes0PpAas tme Tafiiec X brofebeeed s Teiis HESER at fon-
of Fi gur e pHasel and [y epréftite@byya bbSitile bhas@ange. Mreesm?habe@lomﬁémow
sensor SL (not shown) and the center nagnet M associ at with driver D (not

shown) andub# @hasgmn%mpr@@@mnawaé%emabwe\mfﬂhe dewstgpesrEonpls shown)

may be se

op)eratl ngeda%f%gughgqg%f'l%o l?de o%gt?/ézﬁgl H@?}S mpﬁﬁ%&%lggi #%Qggéal ance bar
(2503) or ibathece babs Canidiislikg a;mapl&hﬁein itsos escond tjdrtdmg otere. skhican rbetsm in

co si ng. t he :, flowing materij.al t i d _fl,ow,tube;

o br 20 ng TS 7ethabhelbalanng Ba betRurs i andihenioy ihe sodEineners ik ey
substantlayeln)g.tmy@fmé/n{éagrresonant frequency of said bal ance bar and said
flow tube with material flow whereby periodic Coriolis _deflections are

i nduced at sai digefe/él ipte va@quémyamrﬁorstap@mbqﬁlaﬁnhgf Figwe 7ude this a

B

defl ect i onhas!rmel‘ﬂramemszleS/thm the cblnélnwde wshmnebndmweamdmrerteq%ncy

B 8 R beltary 5 ek I 6o s Sl F8hane
amplitude are proportional in vibrating systems.) The flow tube velocity vector V,,,
1104 has a length proportional to its peak velocity (or amplitude) in the drive mode.
it is about twice as long as the balance bar velocity vector 1103, V,,.,.,, . because
the flow tube has higher vibration amplitude than the balance bar. The

30 instantaneous velocities of the flow tube and balance bar can be determined by the

projected lengths of their vectors on the X-axis. The sum of the flow tube and
balance bar velocity vectors is V,,, . The length of the V,,, vector 1105 represents
the peak relative velocity between the two components (magnet and coil) of the
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detecting the relative velocity of said flow tube with respect to said

. bal ance, bar to generate signals representing said periodi i4fg gb}

defl ections of 15 said flow tube; and deriving informatio %ﬂg e sal d
flowing material in response to the generation of said signals, said

signal s hwldtgtyaé‘énaﬁpsﬂ Uﬁﬁetlﬁﬂhn&haaggfielwwélvél@&ﬁy HS’theCpi‘rafe@ﬁbﬁrdf neslvi n L&
t hat sai d bal ance bar has a non-uniform mass and stiffness distribution

al ong i t s estjtH Ohemihe &caxife reso'ﬁ%%porlpéﬁGéﬂé@'Qﬂ agpiiwdedop¥eiRaidy ¥ar in

br at h I
Gef 1 oct i onde TPHRLDE i SERSor S i P nle RACF B dirdeles ARG BRE 7
_ Coriol | s detbrd biendingomosi afnbhtm!/et(ubeeloﬁqr)lamlﬂns nghksemk!irISGR:t Thissisar e
Cor o s Guatbyahe SoraeanoTrelind iRse 28918 ToLt et PEreze. B e  GEAT BehBre.
. of said bgl tsbha¥,',,ggl'glﬁ-fef \HQ@I’? & NogaRr 3505 % Rﬁé )?le‘s‘ is

Coriolis e ection ean reﬂ'r’esentlnga rivirs i
vi br at i ontmedet homalidechphase, rde,anrtanwhfchémelnhygefprsmudw ﬂuecmgmanelacsty

close to the fr nc f said erlodl r.ioli tlons of s flow
Cube. sai Go05T SHh4ortx e ZPreeBEyng ANt Th B VRlro RRRrRg et (ot
anpl i t ude sREARIH F@nah)t § mﬁbyqﬁ@s%\eoﬁorﬁ?dl&e@%a@@aﬁ gie’ IMlel s forces
on sai d vibrating owt s with material flow, and said generated signals

r epr 89ent nagMakzes p!@ase)diftﬁreme betvgeamethﬁev@ﬂta@a@gﬁal%af therthvovvedocity 14

February | olis like

defl ecti o%glqo?rwgﬂ‘dé[ﬁ.\egggﬁpgatgrﬁqs %r{%ﬁ}g tthé ﬁ?%g ’gje\'ﬁ%%ti ons t hereby

al tgrlbnlg t he gwpbldaaﬂedoﬁeamsmfﬂxgﬂmgﬁ smméitdﬁsmhmfand:nehem &ﬁémiteaa? OL
sai al ance bar V. a vihration 35 anplitude that s untlono te
Cor ol s BEFFBDIDRIBIMEIRT. FINa P RS ARSI BRI haEn et FM AL fFeBRrn00

sai d drive, gRgSefthEduesy f@PQotﬁadéﬁsft%%%%dlEﬁl%QH&Wh@f afifd Graphl IOA - ke

node of vibration of said balance bar; a change’in the drive requency
causdb a Clgungd tithetflew fu@d@\rﬁ:mos!e;mmhwm (am velegityaiedtatriod hasie

. ofargas PR R A log, D18 BRI MR one iefsarie Baleiid pPPetiadhfi he5 o

Coriol i s hbkealibeld seddent)s,,, hasiremainedamchange®! ThedwofubsdichaViorivath s | i ke
def |l ecti ons vvlth den SICE’\ negates the chanegn litude of said Coriolis
def | ect i om@t&Ha! [Heaehy 9”5ﬁd51ﬂ’? $37BH 12540 PHOR aft rB@iese AS icaM Per SEERgNi t ude

that is ip @%P@éﬁé? h} & QHWE i l%{?e Q?%Bl@éeﬂfs gt ééﬁ@ r‘ﬂgtéx"%‘i fiblvahan2. The

met hod of ¢laim1l rt er 1 ncl erating sald owneter to respond to
a chabge FigudeRSi tﬁheobalsmcd bastaoplitide (ang \taioatyt) aectond 103thias ihereaeed in he

drive node vi tiLo de of s Qw .t ube 501 sai d ance
bar | ( 25097 2EBTRG kS AL thp Sifaetyeb R J b B e erbintis SER kbRl
- a first dhi@cin mtéryioffprghh@gzmnalztaethé bglahaé barbeiomeaizddehisy angles

defl ection anplitude of said flow tube and the Corlolis Iike defilection
anpl i t udehag inssgapeshiramc® ohar: tPoPah g @ithiibefinerase s matedal gepaiyi thele of
said flo C I i sai d
changes 1o 7o AhaeCae S baleP BRETGr 121 MtsnsdhochstibCh: ¢
firs2s5dirinctdase xarmdauemnatdedsugelowecb@ltheem\:eomohtelf@whf:;eehdmo\teﬁ acluseve a

fl owreter f ensitivit ude that is substantial] y [ ndependent to
changes 1Rt l?ﬁ ange b%ﬁ?%@’r@?@'ﬁm@m eseRRRSreFuURNCY; mhis (aseer i &, d
Corlolis |hideg @&iduﬁqnde%Pﬂfudé%f%d@éﬁé}%@m‘@asreceﬁaeoe%d gmae% daRBS it ude
t hat changes inversely w magni tude of the separation o sald drive
node fr edatgeryiormalizeti phaseangie d)fb;.g,peuency of said Cariolis tike node of
vibration of SIah g ba SHise ppgsrent nnventlon IS t%at {huer érpfr{ge' lﬂcr{ol#r%apgéd pRase

30  angle of the balance bar vector 1110 is the correct amount to leave the V,, vector

nel

1105 unchanged in both length at location 1111 and normalized phase angie ¢

from the V,, vector 1105 with a lower density material. That the V,,, vector 1105 is

net

unchanged in length is a result of the electronic amplitude contro! of the meter
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14 February 2003 5 altering the flow sensitivity magni tude of said
f1owreter in a first direction in response to a change in I hnaf the
drive node vibration anplitude of said flow tube and bal a%%gsggjrgwr@gﬁi ting
fromsaid change in said density of said nmaterial flow altering the ratio
between sAIMCORIPUNALN et the PeReBHBHHRRARA Muaiiar a6 Met8T- 186 et ho

anpl i tudegiioras @sg'l?hhehéﬁ%éa I?ﬁhg‘?'fdrﬁ»‘&ﬁi&f‘ﬂlﬁ%sé&ﬁ 10| ancenBabsif of fRPONSE

to said change in drive nole frequency res Ing rom'$aid change In
densi ty ofthsageimtiedbalahce bansecordd bendindoddecviotielissiike vibratiomeamptitude of

id fl i n. d--di tior ' t. id first, di tion; id
changes | MbaralFelaEERRE; TRy T enaadnERTaE Ie U pepifidetifEn 15 and
in sagd seeapmdedareebbAd Haeidith Rbbes sived tethactdrea® maghinsdey dakighing
constant flow sensitivi tx magni tude of said fl oweter oOver a range of

materi al thekalgase par se;that itsreecanst ending medsi Geriolisuikeng@sonant feegyRNAVHE

2a 8 Cori U EPeRBb Bnsly ForfiSne, Bt Sie BedBrity” M RooallFor ddEhay "
sai d dri veeparatoenbie;slope df o amblificatiokeudef isetichahat e cedrgebial raaweidar

bei ng out of phase with said periodic Coriolis 5 deflections of said flow
tube. 5. ¥RBSiHEAIIREE the freauerey seraratien and ehaneeythenkalenep ber seRENEi ng

o961 S bhdisindFhods BodBhs ke YR SidaAPREdOHe ALY illctBaIBIchNAY 5
i ke Vi brafionnode having a resonant frequency greater than said dri¥e
f r equencyvectai i1 @ounocharsged ked ded benditivityof die seEter batlzamgediar being in

h i th sai lodic Coriolis 5 def.]ecti Of id flow tube. 6. Th
Mot hod of ol ai h4 CHAGSS I EIPEIRE sBar U we SRR Pette dha STEN HARERIT:
sai d bal aipeathararptide rBiio if Leaididatds i®possbid, hbawverhe adjust @s@anse. to
said periodic Coriolis deflections to flex a first end of brace bar neans

(2502) ; am@oynt piciaw §ersiividy Adifte Atis #asY i 8o hawethifacambaripnerPy ERFAKE t o
Cd i exi et , _ . e L : \
Sol g o NwRleray 4 520yl i AHARARLBaPAR) ebblisyticld g6 ons 1

further cmaptaisithg properstespnaht frequency). r Thig batencef bacwould revei angrioé sai d
bal b 2503). f id pal t ' bar. to |
econd baAapRg RN AERGHR of 7Rl RERTSe BaflautaBan e Hking 116 Y et hod
of claim der{stn?:_tiﬂﬂﬂ{e FRAGIRES) M@tdMiPod ARvEhol MR bAAhE MRW E8RRaTN fdcesuency

of said Coriolis |like Vibration node of said bal ance bar (2503% by | owering

the ef f edegGrasghe hglasicesharyvibration eaptitide wouliiemaio Zee and theflawguber t her
RS =, MnbReRSER et VL iRt naL T paueney of saro Criol
one flexible paithizomodé realislicmetenbeavihga balgesebar thiat s trizeelpmovetsi on of
gt RER T RGN e
sai d remain very small. Changing fluid density significantly changes the length of the
balance bar velocity vector but, compared to the flow tube velocity vector, the
25 balance bar velocity vector remains small. The length of the flow tube velocity
vector changes the same amount as the balance bar velocity vector but in the
opposite direction. This length change is only a small percentage of the longer
flow tube velocity vector. Because the balance bar velocity vector remains very
small compared to the flow tube velocity vector, the change in length of the
30  balance bar vector with fluid density has only small effect on the phase angle of the
net velocity vector and the meter flow sensitivity.
The change in meter flow sensitivity with change in fluid density is greatest

when the drive mode vibration amplitude of the flow tube is approximately equal to
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bal ance bar. 10. The nethod of claim 1l wherein said nmethod further

, conprises the step of Iowering the resonant frequency of ig%d Cbrléq ds i ke
vi bration node of said bal ance bar by the provision of fl 'SP@aH I"ons of

sai d bal ance bar (2503) at |ocations of high bending nonent of said bal ance

bar for s@ddkps h%dév;brdﬁ%nfarﬁdhh@@bfmﬁba%ceme Mmdzr@fcérd@mnylatfewther

conpri si ng the step of maintainin he end nodes of sai vi brati
y

n
CUbb. ( 2500y Flariy Shi Fianiod18e27 (ESta has Bic eenany podiibe (ESORPesad | ng

a1 st op2 R R b AP RARE 0aB on ErofE RG0S el e gk

2506) of gahsitpanansebiiance aPRas arkigheevibbdtrsaeblivide thabQGBe fRWR)beof it sai d
bal ance bar not conprising a stiff sectlon 13. The nmethod of claiml

wher ein seaR rerdilederseen &6rfpﬁhe§@§lgarefs that the shange ibthe phasertihg Rekai d

Cor L A SO R R R a9

o brat ?LE"%’E“"f"?‘é’eﬁi‘f’iﬁﬂ‘”“’b'g"r‘%”“‘m”‘ m?ﬁz““ o ot ot Bort o
(2508) of sai dba¥EAAYH Pciﬁa&a ﬁéwu%ﬁf@‘tﬁd U@rf°(32§b@”g%ﬂb§'f3r%tﬁ"£ach si de
of said C%@Eﬁfud@faﬁnb%‘g?éatéﬁ'%é%ﬁi dégf?:rn érﬂgﬁlg%rof%é%éaﬁébewf i%!\e?d{ﬁg of

| ncreased 2504 505) on eac center portion
met hd@ of eqﬂahtmtns vibwatidgreamiplittide dif mlge 1flbw twhied Bteephafige owsensitivibaisdeast

resonant fre ond bendi n de of bal apce, b by the
provi si onV é?‘q'ff Eﬂ”@e&ﬁ!ﬁ”ﬁ %@dﬁ?ryf@g%iyo Pé%ﬁ@%b'gﬁaﬁmep%'&ﬁ thth Y

| ocat i onsfi@f tb&Lh Irbprieh 18 mBeRthe dhalfiiedo MrdRARCAoBRIviBkRdiohEheMREee HERSS
(2504, 2505) at locations 5 of high vibrational anplitude in said second

bendi ng ndu@ys teenAnege very small Byumaking A5 Reaw 2% sernemicallyRpssibladapt ed
to receiv ) sal dﬂﬁee'mé'eg\é'c: & dthg'cﬂaﬁs mﬁ%ﬂ%@@?@t&ﬁow&sﬁm“a' ly

par al | el ow t ube an race neans coupling said flow
t ube 18i t deresily. bdd deswribearelsawiheteCarein, |hs>\AfelvevvrtIaEEE afauotheecaceepbiesideg: 5

driver nean D arr an ed t .v'br te said flow jube and. sai d ,bal ance bar in
Dhase. oppia inghie Y BUHs Fallovriia for Bk, I s 2fuRl ol 88 FPEEIRT <o
the r eso%ﬁng‘er@ﬂhlfﬁ[l@’dé?fsstyh@dmé 8f i ofhler Icadséé er«s\éﬁg@ﬁw@wws@r@nmyaﬁce
bar such that periodic Coriolis deflections will be Tnduced at said drive

f r equencytheroppasite ditgetion Ag the duive masewibration amptitugei raticichangedi Agthulr ough

L) 52l d REERIS ERUld el BhL AR RYLAD BEARLSL e Y 1 o0 ons O

defl ecti ons "as des av n |on sal- rive node

fr quencwdmntw@tycwﬁembebamma tialnenabamsarﬁ therf be ahdsemrserthai tHe! shiftamd
changi ng i nverseé_‘%"[e i.n density, of said material flow means

(S, "SRy SR I RRO0 SBrapros Ml (g A apgas CRPoSS 38 308 1 o

sai d bal memfhefsgﬁﬂ S Vi HU zgrtﬁhér esm@sseohb%cﬁ%tﬂepauéwiscm@orI olis
deflections of said flow tube; said signals have an anplitude that changes

wi th denmhapgenemsmmszdyeﬁ@thajdrangm@ thatretio af the &wnohs deﬂactucm’n | n
bal ance. 1P t38838 ViR halnga Bl sEt b Epung HoBhaPLidS itnh PBRORILS ana
stifémessdehisityr i bution along the length of sai d
Fig.30 illustrates how the balance bar second bending amplitude changes
as material density (and thus drive frequency) changes. In Fig. 30 the X-axis is
frequency and on it are vertical lines for the drive frequency with a low density
material (Drive Freq. 1), a high density material (Drive Freq. 2), and the balance
30  bar second bending mode resonant frequency (Bal Bar 2™ Freq.). The Y-axis is
the ratio of the balance bar second bending amplitude divided by the flow tube
Coriolis amplitude. The solid curve is the ratio for the balance bar second bending
amplitude with the light material having drive frequency 1. Where the vertical line
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43 74 February 2003 bal ance bar such that the resonant frequency of said
bal ance bar in a vibration node having the sanme nunber of tgpc{ﬁs afZ' Qe
periodic Corlolis deflections of said flow tube is close 1oFeIEay Lquency
of the periodic Coriolis deflections of said flow 25 tube) whereby Coriolis
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bal ance bar; d#atah begeeh indrigratiatgherbalancediar defpctipmier ite escond bergingal s

representin ai d .perd odi,c i ol is_defl ections, of id flow tube with

Fof er oncEete BRKG BB G f4E gelestiair Bdecaie B whey T A1 B Pner by

al t eri ng pahfcarbir deeda dterting ahfplitlaftefesURE irs hE dréasdircih@ndfadeofithe drive
node freqguency causes a change in the frequency separation between said

dri v6 noBalanceanejociyvater shayhistios #dqladcl! also shrwsdbat ibthe | i ke

brat | ) . . . " litud
of ‘sai d D5TCor L oAsT RN dhrRl B U BERGY L REleE Hee e R st o
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i ncl udi ng:e means (2501, 2503) for operating said flowneter to respond to a

cha®§e i headingiamppldudeachanga with dlensity wan deadjested hy thadrasugscyeen t he

drive no | | | f ' ' bar to

change t REPAPIRALea 8 NG LGRS hettetohldésd it rBB0eRy At ERiFe

di recti ofrequerasys $atlér ir2glency esparation eesultsan gheatge sensitivitydndraase wittde
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Al ter  t hUensivh TR s RO RBISHY RIPPS HlBFPEED BhEHARTSRBELASSRTY f | ow ¢ ube
The 11 ou R By e o b B (e ect ton
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magni t Udﬁna']lcansg%iddw{t#\ %%}igf dér?sity change. Such a design produces a single tube

Coriolis flow meter that has a flow sensitivity that is not effected by material

density.

Figure 8 shows an embodiment where the balance bar second bending
30 mode resonant frequency is above the drive frequency and sufficiently close to the
drive frequency that the Coriolis deflections in the flow tube excite Coriolis like
second bending mode vibrations in the balance bar. In this embodiment the

balance bar second bending mode Coriolis like vibrations and the flow tube Coriolis
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said first direction and in said second direction being effective to
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is substantially independent of changes In material flow £ ry The
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f 1 owret er hagatteady erubsedrthetzero disppacdrhent posivdrdwhile sendor 8Rtarpthe N
response to a chan%g in the ratio 10 of said Coriolis deflection anplitude

of sapd fPIANERBATIGSHIRE YEbFTRaSed theeraiispiaaamntaRfitianudEh@ flowdbbe bal ance
par T esul dhathdd 2R g BRACe dhd eI ARAPLAT A8 Redaing Bds6713RALE o sal d

flow sensitivity nmagni e I n sal n Sai d second
di r ect i onrelpee sentetifbyqidsitive andcieigatiee acembbzeahphadd gnglesséespdctimalyen al fl ow

Ptivit, i tud f i,d fl t 19. T iolis fl f f
sens! IR TESD! e of sald ool St 19 The coril L (L gureter of
means farploReRfdid 16 Hdampinde &f {H%ﬂﬂjﬂé@?oﬂaﬁs teflectich WR 'Y 2003 in

a
sai d bal ance bar at said drive freduency wth the resonant frequency of
sai d1Qor i bREBitWIKk of thepbalenea hegdormaiized ghese englehdip, saiisipthpovtionadirthe

phase i 12iiadee Babs el Aikrampliial R hEEELARS pehaRl MoPE, RUHEE5,EF Y 1"

Cori of i s FijomeBitieat thé bullance bar behaesslikeanotenfiowtlbe bafy witdnegatvesai d
Corioli S\él ke, d f# ections in said balance bar (2503) extends forces
i ndi cat i VeOHRliss@eieGYePSodi ¢ Coriolis deflections fromsaid at |east one

[ ow tube thr qtighre 3 & HGEBRLIAARNAbr 1% SAbEARALAEDLIDRN if Figudacansal d

Coriolis like 5 gflectlons in said bal a riolis flvwreter
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mode of il Beqdhel VAIBRY Hlng 8874 1508¢, RistPirten dhe s whig M Soe
frequencyaxa thaiithagitdrpldxis.t The e fusetveddisitytlectd 1203V 3N ¢askaleng®i &1 5
out of phase with said periodic Coriolis deflections of said flow tube. 22.
The Cori dPsation behepeapastionakiofioneathelecity wiiamplitede) indhe dovemedp. Itis
conpri se : | | , 2503) . A Lons of
i gn vi bl eaTEphg Hr snerbaiahas Raf GBclty BI6P 1288, Y ilon Heddhse e
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f high di t in 5.said,Coriolis lik i b [ d 23.. Th
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second bendi ng nodN. 24~ The Coriolis flowreter of claim22 wherein said
means fo@n aneg bauvelpeity ¥6atnrs §23206 Migi dhedenash b dhe Vonvectsnd20%f sai d

bal ance C ' | | O
bal ance. SabreBAtyE R RHARC RS (oA LeRieh SRFRRD ATl B abey
f 1 exdsol e spasdt BRs TRSIMtatabepusirelativel vblalcity iscthe prafectibnlodtiad Vopseator ei t her
si de of sai ﬂ ri %I g center portion. 46~
on the X-axis.
The Coriolis deflection amplitude (or velocity) of the flow tube right sensor
SR 1204 is about three times as large as the balance bar Coriolis like second
bending amplitude 1203 (or velocity) at the right sensor, SR. This is evident by the
30 greater nomalized phase angle ¢ ,,, for the flow tube than the normalized phase
angle ¢ ., s~ for the balance bar. Note that the normalized phase angle ¢ ., van Of
the balance bar vector is negative. This is the result of having the second bending
resonant frequency above the drive frequency. The normalized phase angle ¢,
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, Amplitude i['lg 29 it can be seen that as the material density increases and
the drive frequency decreases, the separation between the drive frequency and the
balance bar second bending resonant frequency increases. This results in a
decrease in the balance bar second bending amplitude. Thus in Fig. 29, balance

20  bar amplitude 2 (for higher density rﬁaten’al) is lower than balance bar amplitude 1.
The decrease in amplitude results in a decrease in the magnitude of the phase
angle of the balance bar velocity vector. However, because the phase angle is
negative, the decrease in magnitude is an increase in phase of the balance bar
velocity vector. This increase of balance bar phase (decrease of negative phase)

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

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

vector phase can be set to produce a constant net vector.
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frequency and the drive frequency. Thus it is possible, by proper placement of the
balance bar second bending resonant frequency, to design a flowmeter having a
balance bar whose velocity vector phase changes the proper amount to leave the
net velocity vector unchanged with material density change. Such a design

15  produces a single tube Coriolis flow meter that has a flow sensitivity that is not

effected by material density.

The present invention therefore has two embodiments. In one embodiment
the balance bar second resonant frequency is below the drive frequency and in the
other it is above the drive frequency. In both embodiments the balance bar second

20 bending mode is excited by the Coriolis deflections of the flow tube. In both
embodiments the amount of excitation of the balance bar is a function of the
separation between the second resonant frequency and the drive frequency. In
both embodiments a proper separation can be chosen such that the flow sensitivity
of the meter will be independent of material density.

25 Design Details

The preceding description has dealt with the desired relationship of the
second bending mode frequency of the balance bar to the first bending mode drive
frequency. One embodiment has the frequency of the second bending mode
located below the first bending mode drive frequency so that the meter flow

30  sensitivity does not change with material density. Having the second bending
mode frequency below the first bending mode drive frequency is a unique situation
that some would call impossible. The design details whereby this is accomplished

follow.
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"10%& ()m%%fe (l?:[?l'vg)' %&e%&zcﬁ)gngestym%s{ be made to the conventional balance bar
that both raise its first bending mode (drive) frequency and lower its second

10  bending mode 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 modified in areas where they
have more significance in one mode than the other. Changing the mass in areas

15  of low vibration amplitude has little effect. Likewise changing stiffness, k, in areas
of low bending moment has little effect.

Figures 13 and 14 show the mode shapés and bending moment diagrams of
the first and second bending modes of balancé bar 1301. In order to soften (lower)
k in the second bending mode without softening K in the first bending mode,

20  balance bar 1301 stiffness can be reduced in those areas where its bending
moment is near zero in the first bending mode and high in the second bending
mode. Dashed lines i and ii of Figures 13 and 14 show these two locations to be
1306 and 1308. Lowering the stiffness, k, of balance bar 1301 at locations 1306
and 1308 has little effect on the frequency of the first bending mode of Figure 13

25  since the flow tube is relatively straight and has a low bending moment in these
locations in the first bending mode. Thus, lowering the stiffness at locations 1306
and 1308 does not effect the first bending mode (drive) frequency. However, as
shown on Figure 14, locations 1306 and 1308 have a high bending moment for the
second bending mode. Thus, lowering the stiffness or spring rate of the balance

30  baratits locations 1306 and 1308 lowers the second bending mode frequency.
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the second bending mode frequency of Figure 14 unaffected.

10 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 mass at the line iii portion of balance bar 1301 on Figures 13-17

15  raises the drive frequency without impacting the second bending mode frequency.
Since, as can be seen on Figures 13 and 14, the vibration amplitude for the first
bending mode is high at location 1307 while the vibration amplitude for the second
bending mode is low, as shown on Figure 14. Thus, removing some of the mass
from location 1307 of the balance bar raises the drive frequency but does not affect

20  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 region element 1506. This raises the drive frequency only slightly while it
lowers the second bending frequency considerably.. Mass 1504 and 1505 is also

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

30 Figure 18 shows another embodiment of the invention using bellows 1808
and 1809 to reduce the balance bar stiffness. The embodiment of Figure 18 is
similar to that of Figures 15, 16 and 17 in that it has a center element 1806
comparable to element 1506 on Figure 15. The Figure 18 embodiment further has
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second bending mode frequency of balance bar 1503 down to the first bending
mode (drive) frequency. This can be illustrated by assuming that the central

10  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 20 and the Coriolis-second bending mode shape

15  looks like Figure 21. There is no difference in the balance bar shapes between the
drive mode and second bending mode except that in the drive mode of Figure 20,
the two balance bar beam ends 1511 are in phase and in the second bending
mode of Figure 21 they are out of phase with each other. Since the bar ends are
not connected, their phase relationship with each other makes no difference {o

20 their resonant frequencies. Thus the second bending (out of phase) mode of
Figure 21 has a frequency equal to the first bending (in phase) mode of Figure 20.

The final design feature needed to lower the second bending mode

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

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

30 made stiff in elements 1511. This has the effect of removing the effective spring

" from balance bar 1503 and concentrating the spring in brace bar 1502 so that the

spring is adjacent to the end nodes. Moving the nodal location can then have a

significant effect on the effective spring rate of the balance bar.
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vibrates with neither the flow tube nor the balance bar. In Figure 22, because of
the equal vibration amplitudes, stationary node plane 2201 is located
approximately half way 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
10  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 spring of balance bar 1503 of Figure 22 gives it a
higher effective stiffness than the longer effective spring of balance bar 1503 of
15 Figure 23. With most of the spring function of balance bar 1503 residing in brace
bars 1502, a higher flow tube/balance bar amplitude ratio results in a shorter and
stiffer effective balance bar spring region than a lower amplitude ratio. Thus
designing the meter so that it has a higher flow tube/balance bar amplitude ratio in
the first bending (drive) mode than in the Coriolis-second bending mode can result
20 in the Coriolis-second bending mode having a lower resonant frequency than the
first bending (drive) mode. This is explained below.
The vibration amplitude ratio in the drive mode is determined by the mass
and stiffness of the two vibrating members. If flow tube 1501 and balance bar
15083 have equal resonant frequencies (and they must for a dynamically balanced

25  flowmeter) then the following relationship is true:
MI Mbb
30 Also, the law of conservation of momentum holds:
MV=M,V,
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Therefore, for balance bar 1503 to have a lower vibration amplitude than flow tube
1501, the balance bar needs to have a higher mass and stiffness than the flow
10  tube.

The drive frequency is raised above the Coriolis second bending mode
frequency in the following manner. The vibration amplitude ratio in the first
bending mode between flow tube 1501 and balance bar 1503 is made high. This is
done by making balance bar 1503 and its elements 1511 heavy and stiff compared

15  to flow tube 1501. The result is that the stationary node ptane 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 mode, however, the
amplitude ratio is reversed. The flow tube Coriolis deflection amplitude is low
because it is not being driven at its resonant frequency by the Coriolis force. The

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

25 relatively long and the balance bar spring rate low in the Coriolis second bending
mode. This lowers the second bending mode frequency. The Coriolis second
bending mode with the low amplitude ratio is shown in Figure 24. Because the
vibration amplitude ratio is high in the drive mode and is low in the Coriolis second
bending mode, the balance bar springs (which reside in brace bar 1502) are stiffer

30 inthe drive mode than in the Coriolis second bending mode. This enables the
second bending mode to actually have a lower frequency than the first bending

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

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

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

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

The preceding described embodiments of the invention have the form of a
single straight tube with a parallel balance bar beside the flow tube. This has been
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10 bar 2503 is connected at its ends by brace bars 2502 to flow tube 2501. The

center portion of the balance bar 2503 is light weight due to void 2507, Sections
2508 and 2509 are of reduced stiffness. Balance bar 2503 also has added mass
elements 2504 and 2505 corresponding to elements 1504 and 1505 on Figures 22-
24. This design of the embodiment of Figure 25 permits the second bending mode

15  frequency of balance bar 2503 to be lower than the first bending mode (drive)
frequency and provides the same advantages formerly described for the
embodiment of Figures 22-24, Balancé bar 2503 includes end sections 2511 and
center section 25086.

Figure 26 discloses embodiment which is similar in most respects to that of

20  Figure 25 except that flow tube 2601 and its surrounding concentric balance bar
2603 are not straight but instead, are curved upwards from horizontal at portions -
2615 and 2616 from which they extend upward until they make the transition from
vertical to a horizontal at areas 2617 and 2618. The center portion 2606 of brace
bar 2603 has a low mass area 2607 comprising a void and elongated elements

25 2608 and 2609 which additionally have a low spring rate. Elements 2604 and 2605
provide additional mass in the same manner as do elements 2504 and 2505 of the
embodiment of Figure 25 and in the same manner as do elements 1504 and 1505
in the embodiment of Figure 22-24.

On Figure 25, meter electronics element 2420 applies drives signals via

30  path 2423 to driver D which cooperates with an adjacent magnet M to vibrate the
flow tube 2501 and balance bar 2503 out of phase with each other at a resonant
drive frequency. With material flow in the vibrating flow tube, Coriolis forces are
applied to the flow tube to deflect its left-hand portion out of phase with respect to
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designated M and attached to the flow tube proximate the coll SL, D, and SR of
each coil/magnet pair.

10 The embodiment of Figure 26 is similarly associated with an electronics
element (not shown) comparable to meter electronics 2420. The embodiment of
Figure 26 similarly has a driver D, a left sensor SL and a right sensor SR (all not
shown) in the view of Figure 26 since the flow tube vibrates in a plane transverse to
the presentation of Figure 26. In this view, only the left magnet M associated with

15  sensor SL (not shown) and the center magnet M associated with driver D (not
shown) and the right-hand magnet M associated with sensor SR (not shown) may

be seen on Figure 26.
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frequency substantially equal o the resonant frequency of said balance bar and
said flow tube with material flow; whereby periodic Coriolis deflections are induced
at said drive mode frequency in said vibrating flow tube as a result of the flow of
material through the vibrating flow tube, said periodic Coriolis deflections being
10  characterized by regions of deflection as well as nodes having no deflection;
sald drive mode frequency being dependent upon the density of said
material flow and changing inversely with a change in density of said material flow,
detecting the relative velocity of said flow tube with respect to said
balance bar to generats signals representing said periodic Coriolis deflections of
15  said flow tube; and deriving information regarding said flowing material in response
to the generation of said signals, said signals having an amplitude that changes
with density;
characterized in that said balance bar has a non-uniform mass and
stiffness distribution along its length such that the resonant frequency of said
20 balance bar in a vibration mode having the same number of nodes as the periodic
Coriolis deflections of said flow tube is close to the frequency of the periodic
Carialis deflections of said flow tube;
Coriolis like deflections are induced in said balance bar at the drive
mode frequency in response to said Coriolis deflections of said flow tube, said
25  Coriolis like deflections of said balance bar having the same number of nodes as
the periodic Coriolis deflections of said flow tube and representing a Coriolis like
vibration mode for which the resonant frequency of said balance bar is close to the
frequency of said periodic Coriolis deflections of said flow tube, said Coriolis like
deflections of said balance bar having an amplitude proportional to the magnitude
30  of said periodic Cariolis forces on said vibrating flow tube with material flow; and
said generated signals representing said periodic Coriolis deflections of said flow
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said flowing material.

2. The method of claim 1 further including;
operating said flowmeter to respond to a change in density of said
material flow to alter the ratio between the drive mode vibration amplitude of said
flow tube (2501) and said balance bar (2503) to change the flow sensitivity
. 5 magnitude of said flowmeter in a first diraction and further to alter the ratio between
the Coriolis deflection amplitude of said flow tube and the Coriolis like deflection
amplitude of said balance bar to change the flow sensitivity magnitude of said
flowmeter in a second direction opposite to said first direction;
said changes in said flow sensitivity magnitude of said flowmster in
10  said first direction and in said second direction being effective to achieve a
flowmeter flow sensitivity magnitude that is substantially independent to changes in
material flow density.

3. The method of claim 1 wherein said Coriolis like deflections of said
balance bar have a vibration amplitude that changes inversely with the magnitude
of the separation of said drive mode frequency from the resonant frequency of said
Coriolis like mode of vibration of said balance bar; said method further including;
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in a second direction opposite to said first direction;
said changes in said flow sensitivity magnitude in said first direction
15  and in said second direction being effective to achieve a substantially constant flow

sensitivity magnitude of said flowmster over a rangs of material flow densities;

4, The method of claim 1 further including the step of inducing Coriolis
like deflections in said balance bar (2503) with said Cariolis like vibration mode
having a resanant frequency less than said drive frequency; said Coriolis like
deflections of said balance bar being out of phase with said periodic Coriolis

5 deflections of said flow tube.

5. The method of claim 1 further including the step of inducing Coriolis
like deflections in said balance bar (2503) with said Coriolis like vibration mode
having a resonant frequency greater than said drive frequency; said Coriolis like
deflections of said balance bar being in phase with said pericdic Coriolis

5 deflections of said flow tube.

6. The method of claim 1 wherein said Coriolis like deflections are
induced in said balance bar (2503) by:
flexing ends of said flow tube in response fo said periodic Coriolis
deflections to flex a first end of brace bar means (2502); and
5 flexing a second end of said brace bar means in response to said
flexing of said first end to induce said Coriolis like deflections in said balance bar
(2503).
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9. The method of claim 8 further comprising the step of lowering the
resonant frequency of said Coriolis like vibration made of said balance bar (2503)
by the provision of at least one flexible portion of said balance bar together with the
provision of increased mass (2504, 2505) on at least one other partion of said
5 Dbalance bar as well as the provision of a void (2507) in at least one portion of said

balance bar.

10. The method of claim 1 wherein said method further comprises the
step of lowering the resonant frequency of said Coriolis like vibration mode of said
balance bar by the provision of flexibie portions of said balance bar (2503) at
locations of high bending mament of said balance bar for said Corlolis like

5 deflections.

11.  The method of claim 1 further comprising the step of maintaining the
end nodes of said vibrating flow tubs (2501) and said balance bar (2503) in bracs
bar means (2502) coupling said flow tube and said balance bar.

12.  The method of claim 11 wherein said step of maintaining comprises
the provision of stiff sections (2511, 2506) of said balance bar (2503) and flexibie
sections (2508, 2509) of said balance bar not comprising a stiff section.

13. The methad of claim 1 wherein said drive mode comprises a first

bending mode and wherein said Coriolis like deflections comprises the second
bending mode of said balance bar (2503).
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18.

The method of claim 13 further including the said step of lowering

said resonant frequency of said second bending mode of said balance bar by the
provision of flexible portions (2508, 2509) of said balance bar at locations of high
bending moment of said balance bar and increased mass (2504, 2505) at iocations

of high vibrational amplitude in said second bending mode.

16.

A Caoriolis flowmeter having a flow tube (2501) adapted to receive a

material flow, a balance bar (2503) oriented substantially parallel to said flow tube
and brace bar means (2502) coupling said flow tube with said balance bar; said
Coriolis flowmeter further comprising:

driver means (D) arranged to vibrate said flow tube and said balance

bar in phase opposition in a drive mode having a frequency substantially equal to

the resona
that period

nt frequency of the material filled flow tube and said balance bar such
ic Coriolis deflections will be induced at said drive frequency in said

vibrating flow tube when said material is flowing through it, said periodic Coriolis
deflections being characterized by regions of deflections as well as nodes having

no deflection:;

said drive mode frequency being dependent upon the density of said

material flow and changing inversely with a change in density of said material flow;

means (SL, SR) for detecting the velocity of said fiow tube with

respect to said balance bar for generating signals representing said periodic
Coriolis deflections of said flow tube; said signals have an amplitude that changes
with density;

generation

means (2420) for deriving material flow information in response of

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

providing a non-uniform mass and stiffness distribution along the length of said
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25  tube, whereby Coriolis like deflections will be Coriolis like in said balance bar at the
drive mode frequency in response to said Coriolis deflections of said flow tubs, said
Coriolis like deflections of said balance bar having the same number of nodes as
the periodic Coriolis deflections of said flow tube and representing Coriolis like
vibration mode for which the resonant frequency of said balance bar is close to the

30 frequency of said periodic Coriolis deflections of said flow tube, said Coriclis 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,

said Coriolis like deflections define an Coriolis like mode of vibration
of said balance bar having a resonant frequency sufficiently close, but not equal,

35 to sald drive mode frequency to vary said amplitude of said Coriolis like deflections
in response to a variation in said drive mode frequency; said Coriolis like
deflections thereby altering the amplitude of said signals;

said Coriolis-ike deflections of said balance bar having a vibration
amplitude that is a function of the Cariolis deflection of the flow tube as well as the

40 difference between said drive mode frequency and said rasonant frequency of said
Coriolis-like mode of vibration of said balance bar;

said signal generating means (SL, SR) generates said signals
representing sald periodic Coriolis deflections of said flow tube with reference to
said Coriolis like deflections of said balance bar, thereby altering the amplitude of

45 said generated signals,

a change in the drive mode frequency causes a change in the
frequency separation between salid drive mode frequency and the resonant
frequency of said Coriolis like vibration mode;

a change in said frequency separation changes the amplitude of said

50  Coriolis like deflections; and

a change in amplitude of said Coriolis like deflections with density
negates the change in amplitude of said Coriolis deflections with density and
results in a flow sensitivity magnitude that is independent of changes in density of
said flowing material.
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means (2501, 2503) responsive to a change in said drive mode
frequency resuiting from said change in density of said material flow to alter the
ratio between the Coriolis deflection amplitude of said flow tube and the
Coriolis-like deflection amplitude of said balance bar to change the flow sensitivity
10  magnitude of said flowmeter in a second direction opposite to said first direction;
said changes in said flow sensitivity magnitude of said flowmeter in
said first direction and in said second direction being effective to achieve a
substantially constant flowmeter flow sensitivity magnitude that is substantially
independent of changes in material flow density.

18.  The Coriolis flowmeter of claim 16 further comprising:

means (2503) responsive to a change in density of said material flow
to alter flow sensitivity magnitude of said flowmeter in a first direction in response
to a change in the drive mode vibration amplitude ratio of said flow tube and

5 balance bar;

means (2501) responsive to a change in said density to alter said
drive mode frequency;

means to alter flow sensitivity magnitude of said flowmeterin a
second direction opposite to said first direction in response to a change in the ratio

10  of said Coriolis deflection amplitude of said flow tube to the Coriolis like deflection

amplitude of said balance bar resuiting from a change in drive mode frequency;

said changes in said flow sensitivity magnitude in said first direction
and in said second direction being effective to achieve a substantially constant
material flow sensitivity magnitude of said flowmeter.

19.  The Coriolis flowmeter of claim 16 wherein said means (D) for
vibrating said balance bar includes means for inducing said Coriclis like deflections
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inducing sald Coriolis like deflections in said balance bar (2503) extends forces
indicative of said periodic Coriolis deflections from said at least one flow tube
through said brace bar (2502) to said balance bar to induce said Coriolis like

5 deflections in said balance bar.

21.  The Coriolis flowmeter of claim 16 further comprising means (2511,
2504, 2505, 2508, 25089, 2507, 2506) for lowering the resonant frequency of said
Coriolis like vibration mode of said balance bar to a value less than that of said
drive mode frequency and said Coriolis like deflections of said balance bar bsing
5 out of phase with said periodic Coriolis deflections of said flow tube.

22. The Coriolis flowmeter of claim 21 wherein said means for lowering
comprises added mass (2504, 2605) in said balance bar (2503) in regions of high
vibrational amplitude in said Coriolis like vibration mode and comprises flexible
portions (2508, 2509) of said balance bar at locations of high bending moment in

5  said Corlolis like vibration mode.

23. The Cariolis flowmeter of claim 21 wherein said drive mode
comprises a first bending mode and wherein said Coriolls like vibration mode
comprises a second bending mode.

24. The Coriolis flowmeter of claim 22 wherein said means for lowering
further comprises a rigid center portion (2506) of said balance bar and an added
mass (2504, 2505) on each side of said rigid center portion and wherein said
means for lowering further comprises flexible portions (2508, 2509) of said balance

5  bar at locations on either side of said rigid center portion.
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26. The Coriolis flowmeter of claim 24 wherein said flexible portion
comprises bellows (1808, 1809).

27. The Coriolis flowmeter of claim 22 further comprising means (2508,
2509) for reducing the effective spring of said balance bar to reduce the resonant
frequency of said Coriolis like vibration mode of said baiance bar.

28. The Coriolis flowmeter of claim 16 further comprising means (2508,
2509) for concentrating the effective spring of said at least one flow tube and said
balance bar in said brace bar.

29. The Coriolis flowmeter of claim 28 whersin said means for
concentrating comprises stiff members (2511, 2506) on said balance bar and
flexible members (2508, 2509) comprising each portion of said balance bar not
comprising a stiff member.

30. The Coriolis flowmeter of claim 16 wherein the end node of said flow
tube and balance bar is maintained in said brace bar.

31.  The Coriolis flowmeter of claim 16 comprising a substantially straight
flow tube (2501) and a substantially straight balance bar (2503).

32. The Corialis flowmeter of claim 16 comprising a flow tube (2601)
having a curved portion (2615) and a balance bar (2603) having a curved portion

(2611).

33. The Coriolis flowmeter of claim 18 wherein said Coriolis like
deflections comprise the second bending mode of said balance bar.
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