18 I\/ay 2005 GYROSCOPI C MASS FLOWETER Fi el d of the Invention Th8#May208hti on
relates to a flowreter and, in particular, to a flowreterthat inparts 5 a

rotation to a material flowgyrOSCOPIG MASSFLOWMETERe and neasures
generated gyroscopic forces to determne information regarding the
material flow Problem Mass floweters neasure the nmass flow rate rather

than the VELL@EH| C flow rate of material. They are desirabl e because mass
measur enen for 10 chem cal reactions, recipes, custody

transfer, and TS ;rﬂ}%‘?@ng&g e’s%ﬁla hB\W%etgP%ﬁci]% paCular, 18 ﬂ@\ﬁﬁié&é’lqﬁ?

flowrreters 'S no ng na ensi'ty t enpera

Oorvi scgsit y. ro(e‘nrdrpid & rahferial ﬂm&mtﬁuhcwwir@nﬁ th@amnnebwmrgatemed at
| east twenty years. They are well |iked because of their accuracy and their

abil ity togymessspicdorendpdptersine informatian segarding he, maipsiahflgw. cost  of
Coriolis fko%fters has 15 limted their acceptance in the market. In
prior art straight tube Coriolis mass flowreters, the flow tube is

connect ed at  bopfa g enidiof sl e HASERGH AR AR e Ritt o

out of phase in a drive p respec al ance bar at a
resonant foafmatadal. Tiey er@@bsn@mgrwoaus@rnmss reanireiment it ofdasheaded for
anplitude of the vibration. The flow tube 20 and bal ance_bar acl_l__ ahsqj
count 8@ bal ehryeicatrgactions, woines, eustedytsansiar, apd many sthef apalicatieas: Futhermem.

el 0 SR BEuBE] RS bl ISR AP0t B, g SubteL .,

vel ocity S@aﬁﬁérét@é%mm% YCoASIRITecR ritRls OWrhaReShavtlsddeamttRNtarket for
downstream fromthe flow tube's mdpoint. The vibrating flow tube i oses

rotations atleastdwepttyesssn finely dramel hlwhrbmaumof their aecum@yand\lh@lualél

rotations sto an han e di rectlon

di r ect | on. MeASY wel 35 Frass: Sipwaner Hehiohgost eome flarmhafers had "
rot atken he i nal center is the point of maxinmm
anpl i Jtl%dealn.[ijhr%eé| nrrgatllfe'Jﬂr&%':)tt nnv?'ntggqﬁé'g(%gh the rotating segnents of the flow
tube creates a igoprien at dingleestrdight tuted Gorblis reags dlowrnétersy nithepfios tabe is
phase del ay between the signals output by the_30 velocity . .sensors

phase del aPrECiRea bloﬂéeﬂ)‘éﬂi 9 pyralielbatanca bau T heiflgneibe fsvidy %@e\ﬂiqféﬂgﬁe to
the mass Tl oW §fkepne Btk REsBELAY the balance bar at a resonant frequency. An
electromagnetic driver maintains the desired amplitude of the vibration. The flow tube
20  andbalance bar act as counterbalances to each other to create a dynamically balanced
structure. Velocity sensors are located attwo locations along the flow tube to measure
the relative velocities between the flow tube and balance bar. The velocity sensors are
usually located equal distances upstream and downstream from the flow tube's midpoint.
The vibrating flow tube imposes rotations on the upstream and downstream halves
25  of the flow tube. The rotations stop and change direction along with the flow tube's
vibration direction. The fixed ends of the flow tube are the pivot points for the rotationand
the flow tube's longitudinal center is the point of maximum amplitude. The material
moving through the rotating segments of the flow tube creates a Coriolis force that
deforms the flow tube and produces a phase delay between the signals output by the
30  velocity sensors. The phase delay between the velocity sensor output signals is

proportional to the mass flow rate of the material.



18 May 2005 The prior art single straight flow tube Coriolis nesBlay 2005
fl owmreters have a short straight flow tube that is very stiff in bending.

The hi gh stiffnegg ﬁﬁo?;“é&% Adle EuSihHt" fe %%noﬁ@hés@eﬂ&}(ﬂ@?érﬁm@% Short

fl ow tube vibration enrme ation I's usu node wth
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fl owtube 5 and the bal ance bar vibrate out_of phase with each other in the
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hal ves of the flo on el thersi he central driver)

appearto bﬂowthbetamg)dénwbanf phase with each other. The second bendi ng
hat is alnost thr ti nes at of the first
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the drive éfrétweafs'anﬁa Rasteeeiddes. Zﬂ.vah@_eu@aeeyoﬁthé fewftubé ende midnbe MHEE) -

Assuming the flow tube is horizontal and is vibrated in a vertical drive
pl ane in t hedeisisthéeeniengWinzrea ﬂohetubemhrata inl Hepsenutrichrending modd, ﬂwtvm)e

mat or ol |1 Baes ghinedoRtERR(Beatadon sl KRS thRoantiI AR SpRRrdp DR EEREY ng
for cot8n + Purfpheth aRhRLERRthe '%F"S*ﬁ'%%fﬁ‘@“!bgnﬁn ffioiglal BYEUSH Dt iRy that | ©
the Cori ol ismlﬁﬂstmremim thiapbf thadfirbt béndihg niddew it h@ealrﬁghﬁ resdrant fleqoueacy

direction. Wien the flow tube i suf?asm ng through zero di Sffl acenent while
trawvel i ng G@Qﬁ#&?thﬁﬂéwdﬁlb%lﬁ\ﬁ%hs angiisusry dificsitiopberd the flow tibadp thershape

_Coriolis fg(ﬁﬁge%escgpa dﬁ?ﬁ fyﬁo& he flow tube in a sinusoidal manner (with

respect to ef‘requency The Coriolis force is at its peak
when the fl owt uggrivif rtdyateSapiiiddtd tﬁ@ﬂbquse Qﬂhbftﬁ;v@qfe@jerﬁ:¢1(me:@sbﬁaﬁer 0

when the flow tube velocity is zero as it changes direction he Coriolis
f or ce2@ef | frequencyef thedivstbebdingmaodie). Assumindtbe flowdubeisdosizaptal and is vibrated
in a vertical drive plane in the first bending mode, the Coriolis deformation of the flow tube-
is aiso in the drive plane and has the shape of the second bending mode. If material is
flowing from left to right and the flow tube centeris passing through the zero displacement
pointwhile traveling downward, the Coriolis force on the left half of the flow tubeis inthe
25  upward direction while the Coriolis force on the right half of the flow tube is in the
downward direction. When the flow tube is passing through zero displacement while
traveling upward, the direction of the Coriolis force is reversed. The Coriolis force is
applied to the flow tube in a sinusoidal manner (with respect to time) at the drive
frequency. The Coriolis force is atits peak when the flow tube velocity is at its peak and
30 the Coriolis force is zero when the flow tube velocity is zero as it changes direction.
The Coriolis force deflects the flow tube in the second bending mode shape but

at the first mode (drive) frequency. The drive frequency is so far below the resonant
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at the first node (drive) frequency. The drive frequency i-s sol§ baygedow
the resonant 2 18 May 2005 frequency of the second bendi ng node that the
maxi mum defl ection of the flow tube due to the Coriolis force is ver){ | ow.
The Cori ol meqmerﬂcg@tfrtmmseeombhgmlagmdmthaam maxirpurodefiastion of me flowtube

def |l ect t f t at

force. The W 1IthE Cofige ifresis Vv dpha TG Rls flebligh I coibomblein
flow 5 tubeyhpiitad¥abthstdthfic efectfrt Mddd sesardrdmndsagy spplieatioregfi¢ney
(first bending) that 1is far renoved fromthe second bendi ng reson
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di vi ded by iriapyemeyedbpémetia ’é@ﬁ)rtdmbeatlmgak@sdrmméq@rtyprﬁ he rmsultum an
flowrate through a typical neter is ten mcraoseconds. I[f t (1S to

have no norextrenely Smalll@%@lﬁrdﬂﬂeéﬂom ehthedlow tubeandaveRy simp BW-"S? dferenee
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ntornal  sppPc SRRl 1 RRet B matinfit] A5 SneR 138 B deldy meisirahont

fl anges andagcnfdoydieas 2o be bewér trainp s nanokecomt; (héxmﬁapecmfds:). o@\ctnmataly
constant-pitch helix. The external 20 support tube includes external

support tubBeasegsuchsmal imaincremants ruirgsextremely sopfust and expengive |

support ele {%&}0&{ | udes internal support elenent ends fixed to the
‘measuring t &(%;cent to the flanges. The nass fl ow sensor further

i ncl udEs  conned) BNPagdrt NN t%H58X,078 disticses dmass fidvesgnsdrénstaliadain agonduit
portion-of the measuri t ube, jinterconpecting the vibratin orti 0
the nmeasur |th@UQDB@'ﬁh@ tgtﬂ@ flomser Hhg ”@53@%6??8‘3 ipRides ngﬁﬂeggfrﬁ’f’f'f’ﬁbg qul y
those m)deﬁhgfz hdlfit, %< é%sﬁﬂ@@hﬂﬂa %h ebdisma df&ﬁetéﬁtﬁahméﬁb@@ﬁﬁtﬁt
centerline e v br ng portron remains, as far as possib

_subst ant i aldlement. a Thesimepsaring dnub@yé rrrxddlatanlts ends| bpthegﬂangasaarad dncludes a

e eSS P Baviva B oot e AN, B8] ik Wcorna
per pensy Culsgphnd® thbe lﬁ&ﬂﬂ%léxﬂ?mal support tube ends fixed to the measuring tube or
flanges. The internal support element includes intemnal support element ends fixed
to the measuring tube adjacent to the flanges. The mass flow sensor further includes
connecting elements evenly distributed along the vibrating portion of the measuring
tube, interconnecting the vibrating portion of the measuring tube and the internal

25 support element, and permitting onfy those modes of the vibrating portion of the
measuring tube in which the centerline of the vibrating portion remains, as far as
possible, substantially on a rest-position cylindrical enveloping surface of the modes.
The mass flow sensor also includes a mechanism to excite the vibrating portion of the
measuring tube into resonance vibrations perpendicular to its centerline.

30 FR 1,139,048 discloses a conceptual gyroscopic flowmeter having a rigid helix
flow tube for imparting rotation to a received material flow. The application of force
to the flow tube axis with material flow generates a gyroscopic force whose magnitude
is related to the material flow. The patent is devoid of detail and merely speculates



30 FR 1, 139, 048 di scl oses a conceptual gyroscopic flowreter halg kigy 2005 gi d
helix flow tube for inparting rotation to a received material flow The
application of force to the flow tube axis wth terd al. fl 1 a
oyF oscopt o how e Tioelangic bRigberaled o Ganarole mate AR g A B iR
patent is | ail and nerely speculates 3 18 May 2005 how t he

fl owret er g&ﬁ%ﬁgg%’g%'at ed to generate material flow information using the
gyroscopi c glutien Sol ution The present invention overcones the probl ens of

[ t Coriolli 5 fl owret b ' ' 2
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gyroscopi c d that |ooks like the Coriolis_flovvmaéer
descri bed gheastiremenpt In laccordance! withtame prssible exemplaty embedimentyek the
whi ch causes the material .t

Q i n_about the,| [ [ . [
Fibe ae. 10 mvantine, 8sagiorstiaiatitibe BUmspabicTnAmieiS BiBlidBd fiabboks e !
causes the %WT, ; : egtsp has ameintemakhelicad
di fferent férdo%\‘Y rio Ié%r%\%g?%;%gﬁ?‘%%?ﬁﬁﬁl}a?mmwts vgl oci iﬁ/eaf%‘{’]?u rs at

the | ongi t haffewhichroansesthe matérialio spip@boat the langithdinghaxip o4 eas

d f h ialis.f

under J0and o AP G epsEh 18 18- SrinbeFiaféTalgplls 4 FelfcPrupe tp act
used to meagyy nq’yrééaytse.tﬁfe @wé@i@ﬁneﬂaﬁ@a@amiﬁe@hmmcmuk flawrneters irl that
first be examned I'n two anp

I'es. The first exanple illustrates %he
noti on (pr échasitsmyelotity sensens aisthier ongitudioal senterpef the ﬂ@wa“&?r respehal ) e

when the axle,is unconstrajned., Th e . cal cul ation
e e P Sheubiay Bad Aoy Rhas e S Ss OB ERRuE hfffebhe colcul ation
gyr 0scopi ¢ mot i A oI slanghoW el dyrésoapiabice ofthd Gpinning materishcan
constraints. It is this resultant torque that defornms the f] Wtubf of. .t he
preser§ i nbentsashteambastio flow, e satusensh OYHISaRIC hebavior &nd; foree Will first e,

2005 Gyroscopes axe devices havi . | : L Ssigmahhed
the spin &%5@" 7y g ?’ﬁ’éﬁ?!&ﬁgEﬁgﬂ%%@h{h%m#y%?%%hagﬁ%%@ 6g§éféy@qa
circul ar dislirlfideR atBigue dpiiedité agProstepe arlewhbhtheakle is Gumstraidd i hf
t he angul ar nomentum of "the rotating disc .
second example allows the calculation of the torque that the gyroscope axle applies
to its mounting when the gyroscopic motion {precession) of the first example is
20  prevented by constraints. itis this resultant torque that deforms the flow tube of the

present invention and enables measurement of the mass flow rate.
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gi ves gyroscopes their unique properties. In understandi ng thel$pMayends
invention it is only 5 necessary to understand how gyroscopes behave, not

why they behaveGyhescopysaheiedies haVing piassthat ftateslabout aaxis (¢alledithd spin a
description of gyroscopic behavioras pertains to the gyroscopic. flowneter
of the preadalgivingéham sngulasmementum. Typicabgyrossonpahayeasirchiaydisk-like mass

Fi7 st mounfeRs TRonar fa i S Conshuauld g ARGl BFrorioHfu Ei e Blayn e ™
the gyr 0scgw s@ﬁg@.céﬁesfthé@uhﬁ;u%wpérﬁe@llh ufdeRtEAdMGthalprésent invehtdr itigoAly

the axle i I Xed at a point so that it cannot translate but it can freely
rot at e5or pecassanytoaindeditanthowggroscopes behdve notwhy they behave thewaythey doe

el ont {1 riereirenBia ol efited A dpicToton ol ot R R R g
bot t om poi - o Bl codil Rohetet B1tBprbBent hvghes). i ves the gyroscope angul ar

15 nonent u resi's e overturning forque. Instead, the overturning

torque causes Chasitiepa Bpitadoygymsaespe hhvingia fiywheehotatingorcan axie that isthiety
rate of this circular notion, called grecessi on, increases as the t_?p end
|

of the gyrdegress from vertically thefirstmeunting conditioniakaconsidgeed xample i e
d ' f. the : i
ofr cufd or PR el eailins frato S Binpl bRkl nt Bonofiofing Bas

20 precessifRediata Eeini Sdinalt REahmst raAsSiatEbuGirEredly titer bivpt ivdliziiRetions.

rotates down. In the second nounting condition, exanple 2, the axle of the
rotating dgfthesyweeeliwere mot retating the gyrossops would inmediately fiall everdueate the

vertical) and the bottom.end,qf .the axle. is i nstrain in
(Y ons] ofi pvalfrimgtoRue Ls paidht imss the horroRial sl of €8 2hftc Bf haish imm e,
Th ti .and ' ' t

1 on ane Hdtom pift A58, herofitich P WO ThWHER! Gies e a)oBLapE @udre
aﬁ | e &N ?“0',?"'"“”’? Mtﬁcﬂ'd‘eaf &t@ﬁh&b@értﬂdnmgm@.iIgs?ddmebvemmh m%cal,}msﬁ h
the top of the axle can freel, nove. . in orce_to the.to nd of the
exl e i n t HBeSoRPNAef Neraxiaasitee e rical a4 T harats 6 INeCfRI BAToR cAlRg

about 't he RIEPEside: ireBid dRielih s FnBlibscle Biesiodlativaly donk A7
the axl e igun¥Paky)theovéritnding toVgut Bradisddstar anduigcaseleration ofthe topérd efithept

that the slot prevents it. Instead, the axle top end applies a gyroscopic
force, GFade in kecistumnfesentizidirgctioniabautdhenajticahaxig.- diiis dn¢reasingneate of

O el S R 08 Sl e BRI Bt g, 12
the axle is roygtfdsecond mounting condition, example 2, the axle of the rotating gyroscope
is initially on the Y-axis of a coordinate system (vertical) and the bottom end of the axie
is again constrained in transiation so that it can rotate in all directions but cannot
transiate. The motion of the top end of the axle is confined to the X-Y plane so that it
25  cannot move in the Z-direction. This constraint of the top end of the axle can be
visualized as a slot that is aligned with the X-axis in which the top of the axle can freely
move. Applying force to the top end of the axle in the X-direction (along the siot) resuits
in the movement of the axle upper end in the slot and the rotation of the axle inthe X-Y
ptane about the axle bottom end (not about its rotating axis). This rotation of the axlein
30 the X-Y plane would result in precession of the axle except that the slot prevents it.
Instead, the axle top end applies a gyroscopic force, G, to the side of the siot in the

negative Z-direction. The gyroscopic force can be calculated since it is a function of the
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in the X-Y plane. For the present invention, it is inportant tt8Kay&othat
the angul ar velocity of the axle in the X-Y plane causes a force G- to the

.22 S B sl SRR ket st ot

gyr oscope ax eriai rot In ow t'u t he present
i nventi on GatheosYiplarieo Foetrrreséntieventipai it isirhipgiantdc nptedhatihe anguiar velocity

fl owmet er - gyroscope extends fromthe tube inlet to the  tub ' jpt. while
the ot her PfhaadaipthgXobplape Cé‘%ﬁ@ﬁa@ﬂcﬁ&fﬁt{’ﬂlﬁ@’iﬁét%mnﬂ% {%ﬂgﬁ%{)p[qg@e

outlet. Th v, ' ' .o the flow tube axis and the
fl ywheel s %Egrd;lioss%fc))%h’ﬁpggbﬂgqﬁﬁ%p&%@ggﬁl%l I n each half of the

flowtuge. The fgheenABRAIrGEtING it the fldiv fubeMsfthdxsreBEntihventionauses ittebelaves
to the force applied to the top end of the axle in the slot of exanple 2.

The tube viike alpi‘aimfgyfosneﬁdt?.i Oeeﬂpm@ete&gylwconeex}e@mi_Stfmﬂa%tiub@rinlqt the or
cor esponalip MGPPiEwhle i cihettpRler e epRe et ro R Bl bt
the pivot H%{)B&le?.fm@rbwpié%@Wgﬁ%@ﬁﬁé’éﬁﬁﬂeméﬂﬂv@t@éﬁa&is ditethielfiywhislae

m dpoi nt can be consi ed to ee 15 (or slot) end of each. The
sl ot rest r gbmesgpridte thyrotatinmraateriatineathihalfef teflev tibeh Theerce applied tolbe

S LA BB eoRecread T T R 4 B v
ti -of t ded . ihd
A

and that obré&pinaRisCloZotal& i thidpve phire diratehdn 8ach diréflictiebesponding fo thee
tube center out of the drive plane that is proportional to the gyroscaopic

force GF. ¥iot directieroplhe fiixedeews iof the flowntubeoats the piyot: pointe ofidRe tWPow
rate. Th t h defl ecti f th | f t .of '

e B T B B8l B 0 697
di recyson i offerRerRRERAPTRe SBERANTTIRIhad)fostbberld it Alexafpid 2 visits | n

25 respons e force G- I's perpendicu to both the drive direction
and the f!doesntlexistin the fillwmetsir] Dor asntheflawnetgygysesaopesdendsitiksmcenter)

v o bBeaS ke, e G R st i B o LA s
. defl ect T Oofihe b flbhd BuftideXiid: Brevent PR Bhd VA e fidtirfjefeidnobopel st ¥

in the drrve Ion 1S at S” maxl mum he Tlowu t1on out of

the drive péaeni thablof ahipte i and thettofenapgple @S Ting gyarscopiefurcencauses ae
material rotation in the flowube, when viewed froman end, is cl ockw se,

t hen 2Be céefiratien ofithetubasanteroutetipedriveplians thatis ppPRAtopalts the gyioseepPic
hal ves a C%?&l( &.S'Fheeglnlfrbgft;é&g #o ree EF?Q in t;1r rhneprB;a)‘B Eio?lfai tE)%@Ha%; f%fw ltal?g. Hithe
deflection of the flow tube out of the drive plane can be used to determine the mass flow
rate of the flowing material.

The direction of the gyroscopic force G¢ and the deflection of the flow tube in

25  respense to the force Gg is perpendicular to both the drive direction and the flow tube

axis. The deflection in the gyroscopic direction reverses sign with the direction reversal

of the drive vibration. The maximum tube deflection in the gyroscopic direction occurs

when the tube deflection in the drive direction is passing through zero and the velocity in

the drive direction is at its maximum. The flow tube deflection outof the drive planeis of

30 the signthatconserves angular momentum. If the material rotation in the flow tube, when
viewed from an end, is clockwise, then the combined drive and gyroscopic vibrations

gives both flow tube halves a clockwise elliptical motion. The rate of rotation of the mass
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18 May 2005 in the flow tube (proportional to the flow rate) d&s bagi2085 t he
magni tude of the tube deflection in the gyroscopic direction. The flow

rate deterpgi ribRYY th 1A% RoW rat¥) détetmirds theanhghitudenef thestubki ng
el lipse. ‘ etﬂsl?lﬁgprgﬂe\?gf@yn&d Igyr oscopi (c) froar%aes aere equal , St;he fl ow tube

takes a cideflection rethé gwoscopicelivedtids. drhe flaw eate determinesiow saapwd laveilave) arr
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20"t ho anguia(RB AR Sirerening & fSse S eaite fave Apd SRt fubf o ddal
noment um i i t Qrd | wedsroraliageidngof the nass about
the spin &ﬁ?gogpggbtgéﬁggéfh@r proﬁ?%ﬁéﬁgs an&d@éﬁgﬁy determ ne the
gyr oscepi ¢ f or cEh@ggrosbuisicftvee Gparmsthefloev Wit deflection intthe gyefscepid direction

proportional to mass flow rate rather than 10 vol ymetric .f{f%’vvrihe. | f the
material daegrepeitionably, therangulanmamenium ofdbe retabing materiatfiow. 1heangyfar

vel ocity has tao,be.hj I : ' ' | :

sane. mmas MMM enual B 4sstBietyBalockFoihb friaflithe iy,
density argesfilsedhé prdduct biigiaBs BHE Veloeity detisriiné teg@byeupicfosse Ahd thusthe.
Thus, the nmaterial density is irrelevant to the accurate measurenent  of

the mass fdyoescopie deflsction tier deflagiion isoprapodionsl iteanass flow fate retherdhas
force in three significan s., .FHrst. as has been di.s ,

gyr ostpi Yolgpe qqﬁ)%éiﬁeﬁféﬁgﬁpﬂﬁn?@quﬁ ,%%B‘F%ﬁga%éﬁgﬁgt@y%&?’itgﬁ s
force is i | @iy QS EEmi it thel anme
di rection rﬁgﬁe{?ﬁéﬂ{lﬁc}fﬁrﬁgﬁg?ﬁhﬁﬂ he ?Fg\/}i}ﬁ%@ﬂ(@ﬁl S v@lﬁaggﬂgt?gu?sﬁécﬁaasfer)
wher eas t Hiow Eate| tHe matarial weldvitydes toilenldw The preductrofafensity andowlecityds
The uniformty of the sign of the 20 g roscopi_r force e%I qu-]@ th&.flovlv tqu{ge
means -t hatindeiendeshotdansity Ercraivan BASS Bowrae. ThysJbe Btenaldensty is irgley
first bendi | ' or the Coriolis neter is
o:‘ t he segéﬁﬁe%ﬁ@@i‘%%ﬁaﬁgﬂégﬁﬁ%ﬁ%%mﬁ%é| s nuch eas: erI to bendI I n
the figst bendiTie gREScoHIBRorce G luiffedaid the Coriblisfdroe inthgiersignificantwayshe

flowmube deflects further in a gyroscopic flowreter. Thirdly, the
gyr oscopi Fitktfashas been disgussedh the gy®seopitferce isdarpendisuier ¢ hadive plape

s o SRR i ot e TR A, Sl S bk o ke
(the second hesrddBnTRdRs fulllBSERbAHR oD HSWIDeisttib ¢ latarpwhersisthe

great anplification due to beihg driven at or near its resonant frequency
whi | e t he @ridliefarse cHafigessigoin the centeesf therfipw tilbe. Ehe Mhifarmitylef the sign ofthe

et | 81 VERRROHG s Slon e v gube caesias Biadfo dow bt desymuliar s tne
gyroscopic meter is of the first bending mode shape while the deformation for the

Coriolis meter is of the second bending mode shape. The flow tube is much easier to

bend in the first bending mode than in the second and thus for a given force, the flowtube

deflects furtherin a gyroscopic flowmeter. Thirdly, the gyroscopic deflectionis driven at

25  ornear the resonant frequency for its mode shape (the first bending mode) while the
Coriolis deflection is driven at a frequency far removed from its mode shape resonant

frequency (the second bending mode). Therefore, the gyroscopic deflection receives

great amplification due to being driven at or near its resonant frequency while the Coriolis

deflection receives very little. These three differences make the gyroscopic deflection

30 larger than the Coriclis deflection and allow for the use of less expensive signal

processing.



6 18 May 2005 The magni tude of the gyroscopic force is proporti®hialy 2005t he
mass flow rate, the nunberof revolutions nade bythe helical baffle, and

th br at o ' I th
lowneter can bangradfitads Stifie BiiosEonl BREis PRESBNHTHE Mist AbFirafy e
i S appr oxi niamiefoeu@ualutibnshiwefbmﬁ@hétm baffle, dhd HR aBRtibA ariplitudisinthd dv
tube. Thus the flowtube is driven in a circle at the nmaxi numflow rate by

the drive Plang.t mrgyxmﬂpwmt@rf@etheﬂpwm@tgecam besetsatbst themrcgﬂ,m@w@mec

rate. & verbReRuniEyfokiat nArbrox el el  Re e I BEdiMEr dhplsdio by
and angt heflopR5E SThAStHEAAF iube i Hn@é}?:r% b‘vaecyt r?é?&,bsaﬁnwﬂywraié Bytt@cdrf]\)ée

peak velocities (peakgyroscopic/peak drive) wo be the act1on” of

maxi mum 10ahd tve g)abecmmaforce MlesserfowTates, tl'rﬂgyro*se;omaforoe istedscand theeirsie y
done and ay ds bat difficult nd the co of measuring. tine
nanosecond®: aﬂﬁ ng B’l‘ o %tﬁﬁnﬁﬁ%?ﬁﬁﬂ’srg%laev Wpﬂe&‘@r@ﬂ?@gﬂ'ﬂ%ﬁ?@c@(“’t he

ube i 5 woll s apit SR ECM ardcifer sctes e ot iRty diRHAGH Thefatk Y

and t he rodfthepeahvebma (petgyyrostiopiypeak driveJWoaldbe théﬂ’acﬁm dftth@iriaximis
the material flow about the | ongitudinal axis. Both the flow tube and rod

are vilBr at 8ewigtedhat isflowing Zhigvelasityiratie mashgd ineasily dppecnsbavaids both the
def | ect i Al t tivel i flow tub
e ot st CrD arBr Rl Y psPHA Gmd el SABRSAREREE: T 2 Common
helical (Iongi tHﬁho&é}'dar@é'mﬁthoﬂér&oéﬂﬁl&réxén?r)lér?bﬂibdahéﬁtsoﬂ?@|ﬁ@rﬁ6h3éhélé<ow

in both flow tubes about the comon axis he"tw sted pair 1Is then
vi brat ed brylternaﬂoﬂmﬂmwbtehenmw: Iasteranﬂuegflmetubewggmdmdumshaﬁenfmlms

f‘?"éinefifér%éebﬁa st 56 Ina e helbend e st porreoihisnaitufinal ¥ T phe
ay7 0siapi o ARy TLOPEHoHETne MAH AR R o bt Ginkl e B FEETLEe and

accor dancerodi dre wistated by driparsnizhddve plne o yemsrats gystopicaleflectisns iimaor s
25 are positioned upstream and downstream of the flow tube centerto detect

the Cori ol W@wa@pu@pia@ﬁsl\@mawéelnmlwélom\@aslﬁrgws@nmﬂtherrt@mmhéaaw

o ovi do o OTERThRRBets bl 2By bPRBIC BbnbRig ¥ 56T ThE BAR B2sldtenie

signal s fQhetrh@leﬁﬂlﬁcﬁ\mlﬂilﬁbtrpﬂbv@iuﬂ@stﬁdtﬂ'thé lcomrAbh ks, Iﬁ@ﬁﬁﬁbﬂ%.r iSthen
aspect of the invention is a flowreter having a material inlet, a material

out| e2Q  3abrated byocavdriviee aagdphe amateriad flowe gedetatesagymoscaipic fotces amabeve d
outlet, s 6Hescnbe:&vr}\'?ﬁs-rnatlvely, asingle flow tube is wound to form a helix to generate a rotation
to the material flow about the helical axis of the flow tube. The flowtube is then vibrated
with a driver to generate gyroscopic deflections due to the rotation of the material flow.
- Inaccordance with yet another possible exemplary embodiment, velocity sensors
25 are positioned upstream and downstream of the flow tube center to detect the Coriolis
deflections of the flow tube. The cutput signal fromthese sensors is used along with the
signals of the gyroscopic sensors to provide a flowmeter that generates both gyroscopic
signais and Coriolis signals for the determination of material flow output information.
An aspect of theinvention is a flowmeter having a material inlet, a material outlet,
30  and flowtube apparatus connected between said inlet and said outlet, said flowmeter
being adapted to receive a material flow at said inlet and to extend said material flow

through said flow tube apparatus to said outlet; said flowmeter further comprising:

7



bei ng adapted to receive a material flow at said inlet and to &May@08%id
material flow through said flow tube apparatus to said outlet; said
flowneter further, conprising: .7 .18 May 2 a driver that cycli.call
deforms said fl3dWeh a&ﬁ_ﬂﬁ%&!‘ﬁQewﬁﬁ*'g&%ﬁ@mgswpﬁrw&’tydé%'a&f?gaﬁ%‘? fWar
a drive ! refueidarthstatd df ReGNdy'H a biiGe B Mat Pelidedd RMgitadinal ags

said flow e apparatus; apparatus that inparts a rotation to said
mat eri al fdfovaid flosdubefdpparatube 5 apparatus about said | ongitudinal axis

f id vibrati fl ) tus; ..sai d f i, AN
Phet tes. ol o { PORES: R JITBATR 2 MRt e SRBofakefial it T EHH ke
furt heg C%é@ﬁ% %ﬁeﬁ.}t%afd RAgItLaPaR BRI GFlsatd YBiatihg MAWRILE depdratidle cyclic
on of said flow tug g

def ornat i e apparatus by said driver and to said

rotation of saishidapparatus fordmpasting intlddesysaiddlow/sbeanparaléisopi ¢ node
deformation of said flow,tupe.a atus..in r L.c. pl ane; said
gyroscopi ¢ nodeCRAIAGIERZET i ggﬁﬁﬁgmqt?{,g@th%pﬁﬁﬁﬁ%g ltohe magni t ude  of
said material f{aufloRitGhehpparabds Béing ré@ﬁ@ﬁ?ﬁ%ﬂhé@}/d%!déf@ﬂ‘ﬁﬂm@fsaim

cyclic deformation for generating gyroscopic signals indicative of the
magni t ude tubesppdratusey saidfdriver ang toasaid polakion ol spismeterialiflowy ferdaducingr st

B oL o A SRR bR R TSP Ay B8 DRI e SroBBhicite:
second pi ckof f éé]éby%&@?;%trﬁédéU@f@h‘iatidrﬁﬁﬁ@éﬁamaﬁmddﬁméﬂhmh@m fnitadid
cyclic flow tube déformation in said drive plane; apparatus including

met er el ecxfraaid oatedalflovgi ve to the receipt of said signals 20 generated by

said first and se d pic fs for.determ.ni i_0..Qf: L | e
of said cyclic H"F@W?Bﬁ ’ag‘% &?&&s&%ég?ggwcoﬁﬁdﬁ Qﬁ'ﬁ%&?@@%@pﬁy
plane to ?&erﬁﬁﬁfg biredeosit sifdls Grdicativé loPthd magniade bieaidanatarial flow; dri ve
pl ane; and apparatus including said neter el ectronics responsive to said
det ertfi nati on ofaid spickoff aappanatus geshides iy firsh diekafbuthat rgenefatesrsignals

pertaining to sai. [ | 25 Pr. . Saj i nf or mati on

I ncl udes S ﬁefﬁ’ﬁ'g? {‘T@%F@L"J& 8%5,\1%9@ qg[’gbﬁéﬂ%%éc?ﬁ %‘gvi\? Hgfogﬁaarﬁggﬁ 'y said

flowneter furtheyid pickbfdppari g firtiertinblugkohfsetdnd peroffithdtarenerates signals
representing the amplitude of said cyclic flow tube deformation in said drive plane;

apparatus including meter electronics responsive to the receipt of said signais

20 generated by said first and second pickoffs for determining the ratio of the amplitude

of said cyclic flow tube gyroscopic mode deformation in said gyroscopic plane to the
amplitude of said cyclic flow tube deformation in said drive plane; and

apparatus including said meter electronics responsive to said determination of
said ratio for generating said output information pertaining to said material flow.

25 Preferably said output information includes the mass flow rate of said material
flow.

Preferably said flowmeter further inciudes said first pickoff that generates
sighals representing the amplitude of said cyclic gyroscopic mode deformation of said
flow tube in said gyroscopic plane; said meter electronics comprises:

30 apparatus that controls the amplitude of said cyclic flow tube deformation in

said drive plane; and



signals representing the anplitude of said cyclic gyroscopic nbgl#lay 2005 '
deformation of said flow tube in said gyroscopic plane; said neter

| ect : : : : _ : |

Fllow t ube.def or mePPaRtHHRRBERGHE 1 33Ia et o HEa @R Tbresfuny yidtipfine ©

responsi ve ppssidicyciiegeostapio niddesd glopnatior pf ssidiflow@bbive sakipdyrosetspic plane

said cyclic gyroscopi c node deformation of said flow tube in said

gyr oscopi ¢ farsdatermigingg theemassifiay rate aheaid materal Jow. of said material flow
foe

Preferably said %%Faoﬂr'ﬁgﬁwei fe ;Soeagac ycf}%gpégonfamsq}éﬁg@rﬁgg;oftm%

5 gyroscopi c node tron to maxXimZe sal gyr oscopl

def or maki ongyigscepicangye deforpiatiopl tanraxiitiize daidwychic gyroscopicmmede defortmation
equal to the re_aonant frequency of the gyroscopic node defornmation to
alter the r# &0 YOIFPPEAR'ABEN the naterial -flow density and the anplitude

of said cyclic SERR ' bt ' 1 '
Said fl owyt ube ggggr at usﬁ.ﬁggg@%)ﬂg%i%ggﬁé t gas‘%%qigb?p re a%gs%r'éﬂ Fgﬂ%lg‘g*%geme
hel i x i nt er gplostopisanddé | defotrnbtion dai altenethixrelatipmship betweerothe imatetial fawd

material flow about said | gngjtudinal, axis of said flow tybge to, generat.
Sai d cycl i caggeibeapgithe amphale ghi SAikEVEle BwrastpaicosecApformptitRdn saidy
flow tyge a conprise: a single flow tube having a helix shape
that i ?rgartgﬁ?g?&dﬁﬁgﬁ%éi'on to said material flow about said | ongitudinal
axi s of said fl oBaidflov tubsd dpparatus oiay coppprisa:us may conprise: 20 a

Po have an el onBaGle SKAIBbt IAM!UBHbar ts oai d rotation to said mterial
g i M el
i mparts sai flow adbsdut eaid 12hgitudinal axisef eaiddlow tube tebgareratecsaid myolic gyroscopic
' ONgl gl N2 03% deformation in sad ayroscopic plane.

Said flow tube apparatus may comprise:

a single flow tube having a helix shape that imparts said rotation to said

material flow about said longitudinal axis of said fiow tube.

Said flow tube apparatus may comprise:

20 a plurality of flow tubes twisted together about a common longitudinat axis to
have an elongated shape that imparts said rotation to said material flow about said
common longitudinal axis.

Said flow tube apparatus may comprise:
a bar and a flow tube wound on said bar to form a coil that imparts said rotation

25  to said material flow about the common longitudinal axis of said flow tube and said
bar.

Said elongated bar may be substantially straight.
Said bar and said flow tube can be twisted together about said common -
longitudinal axis.
30 Preferably said material flow generates Coriolis forces in said drive plane on
said vibrating flow tube apparatus, said Coriolis forces produce Coriolis deflections
of said flow tube apparatus in said drive plane;

characterized in that said flowmeter further comprises;



Sai d el ongated bar may be substantially straight. Said bar andi8 &iag 2008w
tube can be tw sted together about said common | ongitudinal axis. 30

Preferably said rmjesial £l { i olj i nesald drd .
o Shrd v ben | Mokt ApadplY, BRNSAR, B3wChite dpparfthe el CagBL siid Korkigne
Coriolis defibfsdtionsandPhergizle [Conulis WignaisRontditing Micration perainingrie; said

characterized in that said flowmreter further conprises; 9 18 May 2005
pi ckof f appeetarial flew:sai d fl ow tube apparatus that detect said Coriolis

defl ections anda%qg l‘ﬁé(gtvte? g%%é:joﬁygtsz? ?é%s?vé‘%@ é@ﬁ‘&a{i&ﬁ of 45id @Gncﬂgr&ﬁ'i\ﬂ%ng

to said materi ronics 15 responsive to t

gener at 5on gid said gprssceipic sijnaelfer génevating aoutpgy infemation Pegtairing ftor said
generating output information pertaining to said material flow Preferably
sai d fl ownematerialiflewer conprises: a balance bar parallel 1o said fl ow tube

appar at us; conneﬁ%f%bggggm%pmmybﬁ%sends of said bal ance barto

said fl ow tube app Iver cyclically deforns said flow tube
appar atus and saiathdlaheabar paraliehto sHidflewdpbesipparatusn sai d drive pl ane at
the resonant frequency of said material fjlled flow.tube rat.us, and

sai d bal ance bar€® ngipgiagrglates conrecting andgof 5?%4*%@?%?%?@3%%1%%
materi?% fiéﬁ‘%l {dsow tube 15 apparatus and said bal ance bar in said
gyroscopi c ané at the resonant frequency of the cyclic gyroscopic node
def ormati on. Saishigdriescomlicalpt deforms spigh flimwtlibeuapparatusandisaidibalangedvar innd

to said longitudinal axjs of said flowtube. Said flowreter ut t her
conprise: RNaseQRROsHIQN Bsag duye glang atibe respnamdr %%@q|§\;§aﬁ%@ftenalrﬁﬁed

e b ARSI R S yiRdenal <21 ¢ caser encs of sald flow
.connect ed to fl asaieyclic gyroscopic mode deformation vibrates said material filled flow tube
16  apparatus and said balance bar in said gyroscopic plane at the resonant frequency of
the cyclic gyroscopic mode deformation.
Said gyroscopic plane is perpendicular to said drive plane and to said
longitudinal axis of said flow tube.
Said flowmeter may further comprise:
20 a case enclosing said balance bar and said flow tube apparatus;
case ends connected to ends of said case;
ends of said flow tube apparatus project through said case ends of said case
and are connected to flanges;
a first one of said flanges receives said material flow from a material source
25 and extends said material flow through said flowmeter,

" a second one of said flanges on an output end of said flow tube apparatus
receives said material flow from said flow tube apparatus and extends said material
flow to a destination.

Said connecting ring apparatus may comprise:
30 first and second connecting rings connecting each end of said balance bar to
said flow tube apparatus; and
lateral axial projections on said connecting rings in said drive plane and affixed
to lateral side walls of said flow tube apparatus for altering the resonant frequency

10




a first one of said flanges receives said material flow from a1gretag 2006
source 25 and extends said material flow through said fl oweter; a second

o o o AR AP PR R PR et

said materi m'sal d e appara ends sald material

flow to a dppsaidadivenplatiei ahd saidesiclio gyros@pip pasds defommation g rsiaik flodtube
first and second conngcti g rings connecting each end of said bal ance bar

to said fl8prpaales apese Q@?"%Eaf&@' IGYEQFAPIGPIENEet i ons on sai d
connecting ri ngsﬁré‘fe?@.‘blga a|éfﬁerﬂa?ﬁﬁ1t?é}qnaﬁﬁlﬁéﬁﬁarﬁrﬁr§br§lﬁttﬁéﬁbll§%fjé%é&’ﬁwéi§::ﬁc@

said fl ow tube appara or altering the res equency 1 2005
separ at gon bér that ditét the sepheatippafithe nesaisdntfreduenciesaf ssid dydiieldeformdtion in

deformation jn said drive . plane apd said cyclic,gyyoscopic de.

def or mat i onS@d dAYS pﬁ"@ﬁ/vaf‘gb%a’dné:ﬁﬁﬁ? YIRS 4ue E%? 'OHaSP?ﬂ'dsg?‘ﬁ tube
gyroscopi c 6"[’]'%[5 ; @émf, c%ﬂ}? hacl udi ng openings in .
the walls o?bsai u%’éﬁéﬁ%?ﬁ%a@%&%’ﬁ% E"{C&ﬁt r Qﬁ] Is{éipa)]?i‘rgétion of the resonant
frequenci es of sAndtheraspectdefaometitadof operatinga fthwmetepicamprising thei sleps of:i ¢
gyroscopi ¢ node deforpatjgn of sai. | 0 ube apparat us, and sai. al gn
bar in said gyrogw'ﬁ?&?degwmg\n?ﬂ’&gﬁo“égﬂé@ta'i’%a'%ﬁf%gﬁoﬂb ngpﬁ'ﬂtﬁ%‘ﬁﬁg
fl owreygr c fatid % 58R & afé, cyclically deformng said flow tube
apparatus by vibrating sald flow tube 10 apparatus in said drive plane;

charact eri zed i ncharacterizetdnl tHatmoétboddurther semprises theegtepsiof: | nparting sai d
rotation to said material. fl ahout ., said L I t udi nal . axi s.. of. | Q
tube apparatus iR pgsaid "Pga\%gﬁ'ﬁﬁ S @P?%ﬂéi?ﬂm isa'cf%f’g'ttﬁfﬂg%%gg’aégi d
cyclic. —OVAigsaa 5@%&&6#&@%&8 sald Raéhidi R, SHikerobRRA ciudesishideidic.
gyroscopi ¢ plane; 15 generating signals representing the anplitude of 'said
cyclic gyr ogwoscapiomizde defoomation ofisaid floaw dulog epparabiis inpsaid gyrassopickplangy
the a I tude of said,.fl owtube apparatus. cycli efornmation i id. Lye
pl ane;n?%et er ni ni $RGAEN QWHEJPPF%@HEI?P?@EP@FQ@Q?Egﬁ (Emﬁ? gg@%%g'grrﬂééé
cyclic 20 dafbRRSHGH in SHEYyrEcebiddlaAe; i n said gyroscopic plane to the
anplitude of said flow _ o
determining the amplitude of said flow tube apparatus cyclic deformation in said
drive plane;

determining the ratic of the amplitude of said flow tube apparatus cyclic

20  gyroscopic mode deformation in said gyroscopic plane to the ampiitude of said flow
tube apparatus cyclic deformaticn in said drive plane; and

operating said meter electronics in response to said determination of said ratio
and said generation of said signals for generating output information pertaining to said
material flow.

25 Preferably controlling the amplitude of said flow tube apparatus cyclic
deformation in said drive plane.

Said flowmeter may be operated so that said resonant frequency of said cyclic
flow tube apparatus deformation in said drive plane is equal to the gyroscopic mode
deformation resonant frequency to maximize the amplitude of said cyclic gyroscopic

30  mode deformation in said gyroscopic plane.

Said flowmeter may be operated so that said resonant frequency of said cyclic

flow tube apparatus deformation in said drive plane is not equal to the gyroscopic

mode deformation resonant frequency to aiter the relationship between the density of
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t ube apparatus cyclic deformation in said drive plane; and opet&May@08ai d
neter electronics in response to said determnation of said ratio and said

generation of, said,.signals, for generati Qutput information pgrtaining to
Said  mat esAl MAGTR oW BikIng amRtuds of Spifiayie qurescaptimade cefeia iR,
t ube appar ghf@gf%g&lﬁcp gormation in said drive plane. Said flowreter may
be operate o that 'said resonant frequency of said cyclic flow tube

appar at us def or 18=id fawitabe appachtus say corepiise agiagletstraight figw wbeopi ¢ node
def ti nant 1 i mj th dtud ' '

ayr oscopi o 50 ABRETEUIEE HEEASS the SEaR B GebLEA Bl HEarlo. S kel
may be Opef{gpsﬂ saft] fotatforSBishid ARSI oW SERITRY ICHgIR”AITAI X8l dfGaid flow tubde

appar at us ornation in said drive plane is not equal to the gyroscopic
node def or mat i oSaidSowdnbe fappgratus ynay campsisetehsingls flow duke apdpahereinsaide

cycii ¢ gyr BB o BERGE it B Sk OroneRift st bie Al Wit i fo e
tube appar fipsedBYdEMEPE icOR sPrifg Ma?esthéﬁirﬂﬁéné kal fotdtion osald Taataidl flow
i ncludes the step of inserting a helix internal to said flow tube to 5

i npart sai a@bput teilongituslinaliaxisef said flow lubg. about the | ongi tudi nal axis of

and whlrei ' sa SeLIRe R pPPIARE RN HTREEY AR 8 Mg i agd Biern®
flovvrret er géfrdhngﬂidaj ,ﬁh?\mﬂ“gﬁncm@émgstépmﬂ ne a coil spri ng s_hape that
I nparts said rotation to said material flow about the |ongitudinal axis of

sai d flow tube. twistingisaid plotalityetflow bibes togethey abewbaicomrponjangiudingl gxis

tui st ng. ot8 G aa ol vy R aBRAgs Sl oraliaf o g atoF RN Lai na
axis to definesal fowndse 8pparddRs mdipéomprss bSsirgledidw tibbe and iwhereirdsaid
material flow Said flow tube apparatus may conprise a single flow tube and

wher el samgthadfurbeningludesthe steprfiwindingisieid Bewpuba onanglangated Bar iafeMmube

ot ori a1 100 D neats sRE ek sal{ Bl ARy 2ER PRI alB SRhen, |

bar . to said flow tube and said bar.

Said material flow generates Coriolis forces in said drive plane on said vibrating
flow tube apparatus, said Coriolis forces produce periodic Coriolis deflections of said
20 flow tube apparatus in said drive plane; characterized in that said method may further
comprise the steps of:
operating pickoffs on said flow tube apparatus that detect said Coriolis
deflections and generate output signals pertaining to said material flow,
operating said meter electronics in response to the generation of said Coriolis
25 sighais and said gyroscopic signals that generates output information pertaining to
said ’maten'al flow.
Said flowmeter may comprise a balance bar parallel to said flow tube
apparatus;
connecting ring apparatus connecting ends of said balance bar to said flow
30 tube apparatus;
said method may further include:
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Said material flow generates Coriolis forces in said drive pl ahg®May 2085d
vibrating flow tube apparatus, said Coriolis forces produce periodic

Coriolis deflections,.of said 20 flow tube, a ratus i n sai ' ’
char act or | zed | PRARAING A drivef luviile s AR TS paralh Aud sEld HAgRed Br
operating g pkatd 6pSdsifich th 4di@drive BRIk Mt sonbhtfreqadrRtof Saidmariadfiied

defl ections and generate output S|a%:al s pertaining to said material flow,
oper ati ng dlamdtubetappasaluistanshsaid halanesshamse to the generation of said

ot ormt i onper ORI 90 Ty el N8 RaF sPaNRoSeari o BER STt ag Borial
a bal arce hifsd MRviRitlisé dpparatiud _ém\sawb@:arﬁs@p@aatmsaidc??mbbcmrainegat the
apparatus connecting ends of said bal ance bar to said ow 30 tube

appar at'us; reserantiervancygf said materialfilled flew tube meaps andsad balapse PAginSaid)
driver to vji .sai.d fl apparatus and said bal ance bar in phase
opposi tion g'yﬁésgéﬁgzsﬁplgseofgmgﬁggﬁt the resonant frequency of said materi al
filled fl mwimgﬁwnéwmiégi d bal ance bar operating said flowreter
so that said gyroscopic forces vibrate said material 5 filled flow i?ube

appar at us and sdihng asvearsl afher advantagesofitbedenturespfifie inMention maxbe hgHer

frequenc i ial fidle 0 i ;
sai d- 18y oLBgBTuSa T4 yeabingr G, W Ryl TERAR SRR o TAREF 1in bl
and ot her agHpnCEaR Withithe Telldwingurawingfs ihlwhiciyvent i on may be better 10
understood froma reading of the follow ng detail ed description thereof

taken in conj ufiéGi dis aidiagrapeof aIgymGcRgedIayincha PresesHNEBRINEMS. 1 is a

of 3 oyt oscops, FX8I Al 3 Aarath 81 8 BAGRRpEAMg pcESsjon réverted® 2, £ 207 AT
baffl e. 15 Fl GF|@. gidigeloxessa Aelicdlilafe baffl e internal to a.flow tube.

FIG 5 discloses a twi sted pair_of flow tubes.
15 FiG. 4 discloses a helical baffle internal to a flow tube.

FIG. 5 discloses a twisted pair of flow tubes.
FIG. 6 shows a flow tube and a solid rod twisted together.
FIG. 7 shows a flow tube twisted around a straight rod.
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FIG 6 shows a flow tube and a solid rod tw sted together.' Fl B May2009s a
flow tube twi sted around a straight rod. 13 18 May 2005 FIG 8 shoes a flow

tube having a coj:j%_s@%ﬁ?ﬁglélﬁ,t&e ﬂQV‘ﬂ?% 6&1 Q'ﬁ‘gel_ose a vibrating

cantilever flow tube. a rotating materia w. FIGS. 10 and 11 are end
vi ews of the fl okG3E: 160anE1Gdigicdeavwibgtingeantieverflof tubkavitha rolalingtmeaterial
with flow and without flow FIG 12 shows a conceptual vibrating flow tube.
FIG 13 sh a pair of vibrating cantilever tubes. FIG 14 discloses a

vibrating flow tpfes oG ?rlé%tnh @Wf%fgﬁéﬁoﬁtt{lﬁﬁaftﬁ@gg \ﬁfnp‘i‘ig? FricB%h of th

FI G 15 di scl oses one possible prefer exenpl ary enbodi nmen a Cross

secti onsof fiowyimseithiflow hndwetheut flbWwG. 16 di scl oses a possi bl e preferred
exenpl ary enbodi nent of a cross section of a conbined gyroscopic /
Coriolis flowetklG. 12 showy agonsephi vipsating Bowubeconnecting ring. 15

g:)sc,isi %?edgxggfﬁlﬁeﬁ%@%% %igﬁﬁg%?igg%?EV%ﬁ%gggcg?:glsogefsi ;Stsecond
possi bl e enbodi newg. 1fdis@mbsds £ViBratInggTiowtubadiXed dtbeth ehldsiiitith AaBn@iaténdl

possi bl e enbodi nent of neter electronics 1620. Detail ed Description 20
FIGS. 1 andl@w.In order to better understand the means by which the present

I nvent | on neasur w,, it is necessar 0 _understand the r 0SCQpi ¢

for co Mha how 1 FRR 18 fiScloses sns PesTpRIRTRIETS araRIIa ebaditieg o1 4 Gross
gyr oscope ]s%Q:t | d an axle 102 of length L. The

fl ywheel an a’gﬁ\gf%r r%?%‘?%%tﬁﬂan angul ar rotation velocity w about a
25 spin axis 10FI4d6 disclosuspoksible préferred exemplary embodihentof azrdss sketion

Axl e 102 has a lepngth L that is oriented at an angle to the Y-axis 105
(vertical dfreedmbifedayresennic h&osoliy fpwmetena. Fl ywheel 101 has a radius

be concentrat ed 5 il eREBL U UINEIRO TR The' oxt onded mane
15 FIG. 18 discloses details of a balance bar.
FIG. 19 discloses a first possible embodiment of 'meter electronics 1520.
FIG. 20 discloses a second possibie embodiment of meter electronics 1520.
FIG. 21 discloses a first possible embodiment of meter electronics 1620.
Detailed Description
20 FiIGS.1and2

In order to better understand the means by which the presentinvention measures

flow, it is necessary to understand the Gyroscopic force and how it is applied to a
vibrating flow tube. FIG. 1 shows gyroscope 100 having flywheel 101 and an axle 102 of
length L. The flywheel and axle are rotating with an angular rotation velocity @ abouta
25 spin‘axis 103 that is coincident with the centerline of the axie 102. Axle 102 has alength
L that is oriented at an angle to the Y-axis 105 (vertical direction) of coordinate system
104. Flywheel 101 has a radius of gyration 7 thatis .the radius at which the mass ofthe
gyroscope could be concentrated to give the same rotary inertia as the extended mass
offlywheel 101 and axle 102. The bottom end of the gyroscope is fixed at point P so that
30 is free to rotate in all directions but it cannot translate in any direction. The gyroscope of
FIG. 1is acted upon by gravity {force not shown) which applies a torque to overtum the

gyroscope. The overturning torque

14



of flywheel 101 and axle 102. The bottom end of the gyroscope 18 May@805at
point P so that 30 is free to rotate in all directions but it cannot

translate in any direction. The gyroscope of FIG 1 is acted ugon by
gravity (foausesibe gyresdopeaxicto cifnle theYaxioasshows bwibenath 108e This circling

gyroscope. [ Ver unni rque 14 18 May 2005 causes the gyroscope axis
tocircle ?fhtgsféas.sgﬁogﬁbégp%e[sﬁbo%at h 108. This Grcling of the Y-axis
i s known as prec®assedpe 90 86SFRBP2 B&hown Withra VerticalshdnThe tdp end ef tHeeatle
axle. The top end of the axle 102 protrudes through a s|ot 209 in block

u -
210. The bI@2Rroteudesdisnonsh apsdeic2Qbin bigekid10. sThe hlaek indixed irispage so that it

ot ondi n Gt IOY TR eI IR Raytektcl g PopRteib Tnd o5 pfler the
i's the axlgxien 029 mbtios th bhigtinithe dedirectiar. e Thebottom end s itia exlelisdixedpasnd

of the axle 102 in Fig. 2 has a force apglied to it (not shown) in‘'the
X-di rect i o e @xleyin Figa 1v80 thatiit,can rafaie But et Ezndalést tom i s fixed at P,

the result is It ' ; ¢
bl'ane. - The angul et PAGSY Bie dRp B2 FIg. 2 fias b e dtiib (b RInG| A5wrty il the
precess asXidirektign glviayg iteprelobity V5| Sinc2lhe gehetidom isrfiedsati Bthel result isian
axl e 102 appli.es f the slof i.n

gyroscopic force, G-, to e side t
negat 1¢e aulecyeloRty VAL of the galerinitbs Rigae K-vhalanen ?BS'&'@biVEEOPHVc%‘q&
I s perpendi | | j dir | f op
of the axl @T03ERE S OB Balile tnd i proCeatafin o 1t BEepb bl 200
t ext bookl opreveptsdyreaession. tristead faxe P2 appliesdi gyrolseapicdoives Kgntactiie side of
et on ThCAGYRTTRAnROSING aivechen it Wil he ndigd Foain thet i BurosteBlc orks e
on the ax|ig perperfaiEls t9thd BBin 444N and thie VABLHY dRbcldit 8t iffitopPofie SRY
of the flywhee _

15 102.
The equation for the torque GL is found in any good textbook on the dynamics
of machinery, including Kent's Mechanical Engineer's Handbook, twelfth edition, page

7-18. The torque is given as equation 1.

EQUATION 1
aN\(V
20 GL = mrz(m] (—)
30 /\ L.
Where:
GL = torque on the axle

m ~= mass of the fiywheel
r = radius of gyration
25 N = RPM of the flywheel
V = velocity of the top of the axle
L = length of the axle
The above examples of gyroscopic behavior and the gyroscopic force
equations are given to better facilitate understanding of the gyroscopic force as it is
30 applied to a vibrating flow tube containing rotating material. However, there are
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V = velocity of the top of the axle L = length of the axle Thes Mag®e05
exanpl es of gyroscopi c behavi or and the gyroscopic force equations are

given to bette itate erst of the ros c for as it

90" abpl | edSisvipant KltareRges Boeen dhe SHascaRES #od 408 OWreteF ik the psebf
there are meﬁgop{@hd&ﬂgge%maéfd,mgeglgsfm@mg bet ween the gyroscopes and
the fl owreter of the present invention and these will be discussed as they

arise. FIGEIG.8n order for the nmaterial flowin a flow tube to di splay
3 shows.one

oy D enboniitbiedet sor theBolBiE 56w e f0w 3064 1o, fislay o GSGIiS PlostE it ¢ o
rot at e gf he iRk BeigRlernspin  FIC @ehovRR¥he BodtBid profbrdtPéimboinéter Akvide00 s

twi sted and i nserted and brazed to the inside of | ow t ube. Ri bbon 301
assures t hmattmmsealeelrmm the &wwduueﬁg@@@tatmmeMrasent flowsr ddexnice $H0 isut

t he Iongltudl axi 0.as, it rses, t,he h

flowrate W :Z%‘Fﬁﬁﬁés MFE‘{%‘fH &”ege&frﬁfc[}"%gegx‘aﬁ?%@%ﬁ&@r f)Wthge
rotation veigkdr 301 aesarRECthalthe afieRal RS iuhBiRRERta KHOWAGRIPISeNEDRAAGIOIRS -
FIG 4 FIG 4 shows ribbon 301 of FIG 3 after 1t is brazed into flow tube

401. Thi s abeudltbedgngitugdinalaixisol Heas iiravessesthedlow wen Astheunaigpiat flawirate al

The- olPr uslsredsiSe e ricGSgidi DERELY Gl Mol R iiBlan 8o icR3Ee " ™

vi brat es fgenerdatdrrindfased qy}gsggplygr@@mgsv\hl |l e the helical ribbon 405
assures that the material Tlow undergoes a known nunber of revolutions

about the F_lﬁkgitudl nal axis 410 as the material flow traverses the flow

hat assures RO hanpapaiben 391 3EPIG.3AER % bifees, Mo S BRI aitPisns

-about the % biryHofd ald Be Bthicded by e&fr@ﬁﬁn@sﬁ%ultbﬁlef maverial dfirekd dhtd the
Apparatus 500 is fornmed by tw sting and brazing ether multiple flow

t ubes 1801 @@ﬁiresmaﬁe tefarrn srcombined Sowitube aadch@iﬁpofﬁe extrugign psogeasdssdeal
Fl ow tube 1%98 pl :cg ?o@govpl n}'n%qgr gnv%' B%Bra?@é’ ﬁéw%@g 26‘1 Ytk Od}k\)en&ang%hllet

the helical ribbon 405 assures that the material flow undergoes a known number of
revolutions about the longitudinal axis 410 as the material flow traverses the flow tube

length.

20 FIGS. 5-8
FIG. 5 shows alternative flow tube apparatus 500 that assures that the material
flow undergoes a known number of rotations about the longitudinal axis 510 as it
traverses the flow tube length. Apparatus 500 is formed by twisting and brazing
together multiple flow tubes 501 and 502 of smaller diameter into a composite flow
25  tube 500. Flow tube 500 has the advantage of simple and inexpensive tooling, but it
has the disadvantage of high pressure drop for the material as it traverses the meter.
The high pressure drop is due to the smaller tube diameter required by muitiple tubes.
Driver D vibrates apparatus 500 in the drive plane.
FIG. 6 shows alternative flow tube apparatus 600 that assures that the material
30 flowundergoes a known number of rotations about longitudinal axis 610 as it traverses
the flowmeter. Apparatus 600 comprises a hollow flow tube 601 and a solid elongated
rod 602 twisted together. Apparatus 600 has the advantage that the flow tube may
have a sufficiently large diameter to provide the desired material flow capacity while

16



has the di sadvant age of high pressure drop for the material as18Mayr2808rses
the nmeter. The hi gh pressure drop is due to the smaller tube diameter

required by nultip Driver D vibrates paratus 500 in the drive
pl ane. FI &eirg MGWW:&W éf?iﬂiatquﬁoz Vevich tm@Vldpﬁaﬁl@EQ!%ntGﬂmdltM@ flawstubes6@ h of

e T perde R0 OB BROB AR AR LA el n o

conpri ses plarmobf the paper.t ube 601 and a solid elongated rod 602 tw sted

t oget her. Appag{__al us 60%5 s the advag,p“?e that the flow tube may have a
sufficiently I éle qipRydes allerpative hebe annasfupatQl that $$$S4Kﬁ§atbabﬂﬂ§/
whi | e 516

suffi (‘Zjll en%ﬁ?l gl dﬁ\e%{?ﬁe{ Q&eé ?ﬁgﬁ&%?ﬁﬁ?y&%& r]gr?% o@\@%&%i fE%gﬂ\iljg}r{'ia(li])g‘\%'lsb?r1a ae%'
appar at us tié@nateriahtraserses thbaﬂmvmetdn c‘;qb;baraltms 70e shpwsreecolled Rowoiber701
FIG 7 prowd alte na&?yiﬁ &‘igﬂévﬁ‘lﬁﬁ aratus 700 that assures that the
5 mat eri a4y i pafts gty tarflovatihe 70 bnd lawtvke
aX|s 710

Coi Ted 1100 th b%ﬂ%%t%“" IEiER et tc b Bl rogRA Mt Mdwi e,
rigidity Leftfensls Qflibe fiopdtubk éﬂ@mdaﬂe@es’l@rﬂahﬁ}aﬁeﬂﬁdﬁs P06 antif105 while the
dla er t.o.pro t.he requir t QW _ca | Left ends of_the
1 owiPube ighbeRdls %9%@5}%%'@8165 3 3 70% GEREAD Wstenihesnmrros 4G ht
end is degbgalpd as el ements 703 and 704 Dr| ver D vibrates the apparatus
700 wvertically. FIG 8 provides alternative flow tube apparatus 800 which
assures that tifG. Sapmvides altemative dloyo isbenapparatus800evhiolh asdwresdhat tHeout
t he | ongi in axis 810 as,it traverses t of which.the

i scl osa M ARBRACH UBg8Taes kabwh i be hifionsRhou s GnaluniLarsasn |
by driverab.it Amﬁirééslsthﬁoﬁoﬁﬁiﬁiét W%ﬁtcﬁotﬂé%sélb% td??@r@t% 8601 i89adparkf t

end 803 and a right end 802. FIGS. shows e gyroscopic force
on al8i br APpaptyafaQ iswibeied Ivﬁwlqaﬂbé?ygmverdant@parmglsr&ﬂ(hcomn@nsasercmled

ner oi b asne g 4} BRMHOZ IR R SOR AR Bonbho B’ Gap et ween tho

gyr oscopeFigsFlg4412 and the fl owneter of the present invention which has
both ends of 1t's flow tube fixed. Flow tube 901 is oriented on the X-axis
and its free ehis96shioys the gyroscopic force on a vibrating cantilevered flow tube 901

containing rotating material. This geometry could be used as a flowmeter, but it is

20 - primarily used herein as an aid to understanding and to bridge the gap between the
gyroscope of FIG. 2 and the flowmeter of the present invention which has both ends

of it’s flow tube fixed. Flow tube 901 is oriented on the X-axis and its free end 908 is
vibrated at resonance in the vertical, or Y-direction by a driver D. Fixed end 904 is

. connected to a stationary block 902. Flow tube 901 contains a helical baffle 905

25 (simila.r to 301) that causes the material flow to rotate with a motion shown by path
903 about longitudinal axis 910. Flow tube 901 is shown as it passes through zero
displacement in the downward direction by the solid lines. It has a velocity ¥ in the
downward (-Y) direction. The dashed lines 906 and 907 show flow tube 901 at its
maximum displacement in the positive and negative Y-directions. The flow tube

30  vibration in the Y direction gives the flow tube (and spin axis} an alternating rotation
in the X-Y (drive) plane about its fixed end 904. The vibration imparted rotation of the
material spin axis is comparable to the angular velocity V/L of the gyroscope spin axis

in FIG. 2. Force G; is the gyroscopic force that the rotating material applies to
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vibrated at resonance in the vertical, or Y-direction by a dri v&Map.20B6xed
end 904 is connected to a stationary block 902. Flow tube 901 contains a
helical baffle 905 25 (simlar to 301) that causes the material flowto

rotate wit hreamtitetered fiowwobeoqabh Be3flewotiibd beats bvaahvarki STHREL GorcEl GYis
tube 901 is sho passes through zero displacenent in the downward

di rection RPTPRAE '95%"30 PoHEHe yelogihsVa r\Fbﬂ"&iPP? a&“ﬁ rAW?@ uppaRaRgrlawer gxtent

i <pi acemer oA s (e fpRBeS Hbr Uhd He gt trodiir s S40edt il v IR

vi brati on irotathos i thie D@ftplame gbae&tﬁmeed énwgt}dlle réverdestiattion] Theafyroscopic
Y (drive) plane apbout its fixed end 904. The

| | _

71 brat fon a5 Be alR0ohaE It Astem tevarmelban s foaiube Fatatonya tapPey Hanac
| | V/

v oscop ¢ Facists; Thelorkd B PREANS, 886 3 SinusBidel Rym8 thBCISR sifpst it

canti | ever dfefflowvtube eeRRitya¥ boe hhbcm direetidre péspeisioutar do bbie tﬁ@rﬂzﬁv tibe S
per pendi cul ar to hoth the velocity V and the tube axis. At the upper and

| over ext ervelodly ¥t and the 8pw tube #isw tube stops and reverses direction.

end 904 & o reverdi sotieTeit af e o Aiidrd ol e ByReEbhelir i 2 eV
di r ecttigon lwaw SHfk shtire 446 of Itm\gws@opetdftmgn 2iratdths the ¥aRlc28RouREFFRE R

The force G- can t hus be seen as sinusoidal force that is in phase with

the flow t udul e\ﬁbed@tattgmpftihe fha.stubesaaas i the MV@QWW alpng dtsiength: hEhe

fl ow tube ver .t . FIG.9
differs fr(fi:\rér'f1 ebgt&rb ésr@%glngﬁc%P%gs %’Bﬂﬁ:@é@rﬁ égg%fm?ea '%ﬁé”ﬁ'ﬁ‘i“. aﬁéregﬁrg:l
of the gyr @6optheigyrb€sopic farcatefsFiched Meambﬁﬁng flow @be2is 4M8b!distribated
rotation of the flow tube axis in the drive tglgane varies along its | ength.

The canti BEi@dy@aigng the flaw tebe, withezeredorea at thefixedrend and theymaximumfosce at

nmaxi myg at ¢ f f Y/

o o 116 BBott P8 solBoR 6ainRLapEIRRE Bdtdforic®inds o bR iBHIE,

at the fixadparidd tmd ridié mmsefmme axis fcﬁatbbethé 'szne afhoute ThUsEquEatidror
gyroscopic solves for the torque inparted to arigid

axl e whosel téﬁ?q%r a{-'Eﬁ'esc E(I(;pgﬂ)ég’ amendipgfiawduke. Thus Equat ion 1 does not

oy e 427t R g1 Y 5o AORENTS HogMEENAY GBECR, oy,

tube is di deterthined witbroaldulps.eThe flow tubsaisidivided linto small pieces with vanishingly

20 small length and mass. Each small piece can be treated as a straight piece of tube

because the curvature is so slight. However, the curvature of the entire deformed tube

is needed to determine the amount each flow tube segment rotates. Fortunately, the

deformed shape of the vibrating flow tube is nearly the same as the deformed shape

of a uniformly loaded banti!ever beam. For a uniformly loaded beam, the deformation

25  {deflection from horizontal) is proportional to the cube of the distance from the fixed

end. For sinusoidal vibration, the velocity is proportional to the displacement. Thus,

the velocity distribution along the tube is proportionat to the cube of the distance from

the fixed end. This means that the peak vibration velocity of each flow tube segment,

which is used in Equation 1, is also proportional to the cube of the distance from the

30 fixedtubeend, and also that the gyroscopic force G; on each segment is proportional

to the cube of the distance from the fixed end. The distribution of the gyroscopic force

G along the vibrating tube is shown by the arrows, G: The net gyroscopic torque Grz
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20 smal|l length and mass. Each small piece can be treated as al8Magi2fhs

pi ece of tube because the curvature is so slight. However, the curvature of
the entire deformed tube is needed to determ ne the anmpbunt each fl ow_t ube
segment r ¢ detarmifed byniatagrgting er thietargue clengithe langtheofither law tepe.| dhe

tube is nearly the same.as the deforned. of .a uni f | paded

canti | everonuling SRRRSR it tne e 9GREEoPE damie R o BY EiEbn 2
(deflecti?gyhgﬂgiborizontal) is proportional to the cube of the distance
fromthe fi e& end. For sinusoidal vibration, the velocity is proportional
to the displacenent. Thus, |l ogity distribution along the tube is
proportional tqg%ﬂgzgwggué[zggglgﬁﬁﬁgnce from the fixed end. This means
that the peak vibration velog0 of. each flow tube segment, which is used
in Equation 1, is also proportional to the cube of the distance fromthe 30
fi xed tube end, and also that the gyroscopic force GF on each segnent is
propoigt i ORGherd 0 the cube of the distance fromthe fixed end. The
distribution of the gyroscopic force GF along the vibrating tube is shown
by the arrpws, =GF Thrakelelgsityosicibei flow tubsiend L 18 18 May 2005 is
deternmined BY integrating for the torque along the I ength of the flow tube.
The resulting equation for the peak gyroscopic torque is given by Equation
2. Equation 2 | (( } GFL= 1/3nr21 30)1YLc) 5 Where: Vmax = peak vglocihy
of the fl &aualios Zshhwsthad the peakiamue emiie vikeatposantieverdlon tyhais simp

i brati i | fl ow t LS S ' the t
Yotati ng St e ehli PBfing Tttt tyrodBlne BrdBtiol f, FHEUFCRATR, |
bendiypg ofvallieid Haw foulir Benditgy bhahgridwtabe atersiothefuniform gytation afethe

axle. The torque from Equation 2 is_inportant because it bend%?t ge flﬂw
tube out @yrestepgraxe phaterquenom Fapation  iaimPpiant breayss tiheads the flow

measur eme ri f a ' I henf of e G-
2pp | eq ¢ Aopeut OfneTyE iahe (- Blark 4 Bvids fortng ¥ieusiBivont of #8,
cosi ne of mdterid) fivvati on frequency tines time. Equation 3 GFL = 1/3nr2( YL
) cos(wt) 301 ) . . o

The equation for the gyroscopic force Gg applied to the flow tube over time is
15  simply the peak torque times the cosine of the vibration frequency times time.

Equation 3
N )

Gri = I/3mr2(?6*}[

Vm ax
L

) cos(wt)

FIGS. 10 and 11 disclose end views of the vibrating cantilever flow tube 901 of

FIG. 9. FIG. 10 is an end view of vibrating flow tube 901 with no material flow and

20  thus no material rotation. The solid circle of end 908 represents the flow tube with
zero displacement. The dashed lines represent the maximum displacement in the
positive and negative direcfions. The flow tube vibration remains planar in the drive

plane with no material flow. FIG. 11 is an end view of the vibrating flow tube 901 with
material flow. The gyroscopic effect forces the flow tube 901 vibration out of the

25  vertical plane and into an elliptical motion. The top and bottom dashed circles 1101
and 1102 represent the maximum displacement in the positive and negative drive
direction. The left and right dashed circles 1103 and 1104 represent the maximum
displacement of the flow tube in the positive and negative gyroscopic directions. The
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FIGS. 10 and 11 disclose end views of the vibrating cantil ever18 Maw200be
901 of FIG 9. FIG 10 is an end view of vibrating flow tube 901 wth no

material fl euhipdoRd ctrbwre@eem{tgrtheldpdsﬁw oPhe tUkR sOIdst anidr theeapbwdanside0s
represents the flow tube with zero displacenment. The dashed |ines

represent t EBowsihediractionsf theometerial spirh el hegwisith plibeglipsee Watfpraed by circles

o materi a1 17D TGP RSO MilorBEEbBR BilRTnadly 1B 1, il gEqe "
wi th mat er pedpdrlional tolihe reassnsitne nsatefibEfiw ivies the idiatidn rite bithe Mgkerial (see
vi bration out of the 25 vertical plane and into an elliptical notion. The

top andSbot EgHAtRRMES. }andihus ta tha magsdfiow pateraf the sateriak T haglipsppecomes

di spl acenent, i n.t it [ ' ' | @ A

i ant _dashed drBecfiPaiR et rppRRRiod s il fo vl LRAI e rler abptcs 87
the flow t ufewi tubkeheitpsisauld vise auded ehat ithe driveosisphaceméenteand ahe. gyrbecdsic 18
May 2005 center solid circle represents the positjon of the tu [ est

t
and the arrgigplagemest ate papandicular iocgagdhother apd thak when pneis ﬁPﬁqﬁ@WH%
f th 1 ; d ' = ks : . .
1l 11 pasonl 14 i 5l it b el

mass o0t hesihowein BIG.f11ow times the rotation rate of the naterial (see 5
Equations 1-3.) and thys to the mass fl r at f the rial.. The ellipse
bg_corres a ci r)clgh%@ﬂt"ﬂ‘@'ﬂ@?%‘?ﬁ 893(5}5%\/6& 8]‘% -1 6@]@1”%}' taqt'ﬁgg[’f%tﬁaw he
g_r | ver appl "fiﬁﬁséja?ltﬁ}?ce frbAVe diRer g.tTﬁS‘MrggnePEg%?ttﬁ&' sfrﬂﬁgidah‘foréé'ié’ et to be

i spl acenent an he gyroscopi c I'spl acenen re perpendi cular to each

O]E he[1 and té?nalmm ﬂgwetdlm'saﬁrs't be?dmgi rm:uii;a1 resc{rlﬁamtfﬂequlehsy fdr reasans dfenesgyn
of the two anar vibrations results in the elliptic motjon 10 showp 'in
FIG 11, THITERAEY) AiesonaRke. vepalitie grise ferce s teduied to reaintaagarae Wbrafin

vi br at by, SHAUSRAL i ; ém’céﬁ i

Si nusoﬁal ?‘Z]P gtghlg's?gggg%oj aﬁ)’%ﬁ‘éggggf,@?fotﬂtb r@%ﬁ“@ﬁ’ﬁﬁ%g&@gﬁg rst r@%gf l?ltghrtrrtl)%e
resonant f rdripecany tHeogyroseomio direttieme bgyauss of thieesyymenty ofdberflowetubey eTlye

little drive force is required t I ntaj n | ar,ge vibration 15 ljtude.
The esogatrﬁmvwé@}esmém % ferop) §P Ap v BecsingPPist e 64 Mo ﬁﬂ%?fh the e
rrve an Hapvas | f i
fube. The SPMERIERR A AL IESAAYIREEPHER g, Mo R TE I Rostalis Iorelte
the flow t ppliey to te fléwdubae gt the resomlanafreqbiencyeebieriow dubie i) thergyosanpjc

e S Bl BB Bain AR ETa A aw Tubb B HRSioH in' B GRSGRFRE
direction.
FIGS. 12 and 13
One preferred embodiment of the gyroscopic flowmeter has the flow tube fixed
at both ends. FIGS. 12 and 13 are used to illustrate the difference between the
25  gyroscopic force distribution on a cantilevered flow tube and on a flow tube fixed at
both ends. In FIG. 12, flow tube 1201 is fixed at both ends 1202 and 1203. Flow tube
1201, like cantilever flow tube 901, contains a helical baffle (not shown) which causes
the material flow to rotate. The flow tube 1201 is shown at its maximum deflection in
the drive direction by the dotted lines 1204. FIG. 13 shows a pair of cantilever tubes
30  1308L and 1308R that are each similar to the cantilever tube 901 of FIGS. 9-11.
Cantilever tubes 1308L and 1308R are also shown at their maximum deflection in the

drive direction by dotted lines 1205L and 1205R.
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20 direction, the result is. a large anplitude of flow tube def ®8 Mayi2005i n
the gyroscopic direction. FIGS. 12 and 13 One preferred enbodi ment of the
gyroscopi ¢ fl ownAtcempeaisogief thé shapesef the deflectet thisehofFIEGS. 1R148E 132 veals 4.3

are used to jllustrate the dlffereap? bet ween t he g gscoslc force
di stri but i ofigBHicantdiferenseer e sippRof thee@apidhe aam“gw{fa gsfirQak agd HIGR

Cube 1201, pntfbalhitteigeiionaidtitrod Kihual b orBOAECE T lope Bhinel b
shown) whi chfthegsatinuduseuls@t 201 Howdver initialliheresesTi tHdrmiecretisest88dro dt the

shown at its maxi numdeflection in the drive direction by the dotted |ines
1204. FBG g@tgr@‘\kgem%mwff@mqq inthe defopasd swrdestimpedeguisiosmiffergncaine

1308 ana 1assAmaa GOeR e fueioh Rl et cur bl Yreiiachiy Uhe

di rection bysripiubBe fibividse Hé’@ébeﬁ?ﬁisbéﬁﬁﬁm%@dé@s ABOCIROWItAVIBPATRA ih Bs5'd e

t he shapes of the deflected tubes of FIGS. 12 and 13 reveals a significant
di f f er ence. plahe bl meeelytransiatesup aot dowe. Jm1a¢lwfwtmnnﬁﬂmnrasegmﬁm

continually in rea?es toward the free ce al ) ends

CPope of t Hbesiive Pl magns hathasesadRiloeas DeRimea by i oM Fid rotsting
i1t or 80e tatdr2h HECLAEFScb At B intlas. the EaRIELoNLiES Rabteir fiEhdmum

amount of tslbpe aadtthus thelegrezitastirotation éﬂitﬁgﬁhbd@plﬂ'fm attheingredy énds.
vi bration. The continuous flow tube has a central segnent that does not
rotate witEKB4ation in the drive pl ane but nerely translates up and

down. The | ack ntral seqgment, in dr' e .an neans
that no g1 oscol Aaranovrs P dieietBanis) ovEEPEGPie ohd Tio bibe el hefleal
mat eri al rbéfﬂ@g?cﬁ %héﬁvhzjﬁﬁ.ﬂ ABSbotH éhdORldd How it s bﬁléﬁfedé&’tﬁ%t i?\%Vd?hve

t heir maxi mum &l ope an us thelr greatest rotation and gyroscopic force

at thei$ frmetiemitsin aRi@ut bdthe ﬂanﬁa@ﬁlh@papeﬂ'(mewmrrednony onhhefirive nuagregdilxis

force on a fl ow tube W|th a helical__ baffle (not shown) that,K has both ends
fixed. Fl ohoustahtheiflow tube egptel. sthe Haw tuhe ig driyen awsrfjﬁsﬁ Bﬁni@girﬁsaﬂ@t

Ot " BERES, A 0B Sonddr s F6L B0k BT e BAEH0 B f can,
‘r: gﬁ ;) 2 ?nfm eﬁn;eﬁm?ge fidv {BIeDRIIboityaR (PG yrb4€8pic giredtivM Thed flow tube wntmsblwms
is shown passing through zero dispfacement in the gyroscopic direction (Z). The flow

20  tube shown in dashed lines is at the maximum displacement in the gyroscopic (Z)
direction. The flowtube 1401 vibration in the drive plane (not visible in this view) results

in the left half of the flow tube axis rotating about its left end 1402 while the right half of the

flow tube axis rotates about its right end 1403. The tube’s longitudinal center does not

rotate, but translates. The rotating material flow in conjunction with the flow tube drive

25 plane vibrations causes gyroscopic forces to be applied to the flow tube at ninety
degrees to both the drive plane and to the flow tube axis. The distribution of the
gyroscopicforce G (the arrows) is shown along flow tube 1401 as the flow tube passes

through the zero deflection peint in the gyroscopic direction. The gyroscopic force is at

its peak at approximately 25% and 75% along the length of the flow tube. The force goes

30  tozero at the ends of the flow tube and at the center because of the lack of drive mode

tube axis rotation at these locations.
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nmeasure the flow tube velocity in the gyroscopic direction. Tht8 Mag®g00abe
with solid lines is shown passing through zero displacenent in the
gyroscopi ¢ dir eCDéé}ﬁte(tﬁé Pﬁﬁhﬂ'\lfdrﬁwo?éé dighBUBBAIow fubkardtads HeMestetsn Ré fifshe
maxi mum di spl acement yroscopic (Z) direction. The flow ube 1401

vi bration bending ruodaellqelthedn@amoda)m thegyrascapic planew)l hedisstibandingmore i ls

| eft hal f of . flomltub aX|s ro eft d 1402 Lle.t

T ght hal 1 eoptehecaigit i Mo risdedhalitas aetpmmalide it AR e SHipd SireRgen
tube's Ion

mater al 1 T T i} E*F'E%E“&S?’F‘?Eﬁf?&% PRIEIe thatde 59
causes &yr tise naterid] at des drive frequepty.c Thearivedréduendyibalsatthei nety degrees
to both the drive plane and to the flow tube axis. The distribution of the
gyroscopi cforce G- (the arrows) is shown along flow tube 1401 as the fl ow

t ube passes through the zero deflection point in the gyroscopic direction.
The gyroscopic force is at its peak at approximately 25% and 75% al ong t he
| ength of the flow tube. The force goes 30 to zero at the ends of the flow
tube and at the center because of the |lack of drive node tube axis
rotation at these |locations. 21 18 May 2005 Despite the non-uniformforce
distribution, flow tube 1401 is deflected in its first bending node (like
the drive node) in the gyroscopic plane. The first banding node is excited
because it is the only node that has deformation that is all in the sanme
direction (all positive or all negative). Furthernore, the gyroscopic
force is applied to the tube by 5 the material at the drive frequency. The
drive frequency is also the 21/1 18 May 2005 resonant frequency of the
first bending node in the gyroscopic direction. The gyroscopic response in
the first bending node is | arge because the tube is driven at or near
resonance by the gyroscopic force. FIG 15 5 FIG 15 shows one preferred
exenpl ary enbodi nent of the present invention. It includes a bal ance bar
1502 which is connected to flow tube 1501 by connecting rings 1503 and
1504 at the ends of bal ance bar 1502. The bal ance bar and fl ow tube of

FIG 15 are driven in phase-opposition by the driver D which drives them at
their rmutual resonant frequency in the drive plane (perpendicular to the
pl ane of the paper).
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10 Bal ance bar 1502 is designed to counterbal ance flow tube 150d4Mag2005h
the drive and the gyroscopic directions and to thereby fix regions (nodes)
at the ends of the active; portion of the flow tube where the flow tube is
j oi ned t o esonaot iegueney of ithesficaicberiding. mbde neﬂmwgytos‘oopmldmrcttoﬁ The

bal ance bar 2 first bendi ual, to or _slight] s than the
r esonant fgﬂ'&gg?%’ﬁ reyPYRE 'f‘ ﬂﬁ%f?r%eq@ag%q)qg {s ’B@ﬁjpﬁﬁa‘?ﬁﬁj@% lig’eﬂﬁldéWGB Har
1502 can bgr gedrutybaande F&C@ﬂ@ﬁga@nt frequency |owered by added-

masses and cutouts 1514. ocatlon and i nfluence of cutouts is discussed

| at er in €.t i on with F| g 18. The bal ance bar of FIG 15 can al so have

four - synmet. th directi n the dri v COpIC farce

pl anes so t hat II‘IC{ 1 siho&&lodne pf%"é ,%gin?xqrp@ 83 ?lrc'%/ grnrgféergdaventlon
r oscopi V)

gy Pi Ot fhdledés 8bafaridavbag1 502 Wrﬂéﬁ'i’saebnﬁgﬂfaﬂ ??%Wﬂu%% ?S’G'fllby;l‘%igifr{@cﬁﬁa

the gyroscopic vibration anplitude and ow sensitiv
nmet er. W tingm1%33 and 1 5684/at thecengs of balsncerbard608x The baldncanbandred 6@ tube

vt LT AR A BB B VB oS REOES i
di r ect i on,matuadiesdnyntRegeat)tiA théendéIpvﬁéée%érﬁﬁ&wlsgtgotgéﬁﬁrgﬁom% é)%le ce

bar in theg yroscopi ¢ direction via connecting rings
f ast el t hdaaaee bar b’é@%ml,esmeqsmoumemiam flowftulén 4584 tin betlpthe drive and

resonant % TP Pregikfia e 1o BRI ok ropibnS ToBhe) ap 58 sds 1 g Sotve

gyr oscopi @otiiceof tenflendubé WHaesee ﬂé\ﬁ tapeid ]daﬁ@d tmbbhnéétungggﬁﬁbsrfwaaéms
t he gyroscopl c notion of the flow tube. 30 Thus fl ow tube 1 Ts vibrated

in both t H&0 i\he resaRantdreauencugh belassedas 1502 fiusicbending ymeds isaqual to or

FPow ¢ ubo SHffiesd tiah tndbsGhamt edhel) B e ROk Wb poreEReARRY mrdBhe”
dri vel5mod Balddes baose2 chnl betar fublulsr embatwitls ahsenant ﬁﬁqwaucmﬂﬁe:% b){
count erbal ance for the Coriolis force. The Coriolis force is applied to the

f1 ow t ube adged tTRsRs; and gyteytrehe {4 ardei lacation and influpnae of cntquts isoussRd s

force has| e | force
di strlbutlé){ﬁpgﬁ&ﬁp W'et@grf' {41 &h%s%ag%n%ebgﬁaﬁﬁgg%&am?@% f c%“%ar
and count sybmhetrgc@otl‘helréﬁtrdnslm $hé drive and geywiopic fofdeplAnba) seihat it has &)

bendi ng node r{gﬁ@gr nant fre uency I.s nearly three times the drive frequency.

Thus, the$RQ aguenriesatthexdiive dndngyrecapie shiectiensi ridaving the resonant
20  frequencies equal maximizes the gyroscopic vibration amplitude and thus the flow

sensitivity of the meter.

With material flow, the gyroscopic force excites flow tube 1501 to vibrate inthe
gyroscopic direction (in the plane of the paper) at the same (drive) frequency. The
motion of flow tube 1501 in the gyroscopic direction, at ninety degrees to the drive

25 direction, excites the balance bar in the gyroscopic direction via connecting rings 1503,
1504 which fasten the ends of balance bar 1502 to the ends of the active portion of
flow tube 1501. The balance bar, because it is being driven at or near its resonant
frequency, vibrates out of phase with the flow tube in the gyroscopic direction and
increases its amplitude until it counterbalances the gyroscopic motion of the flow tube.

30  Thus flow tube 1501 is vibrated in both the drive plane and the gyroscopic plane and
is dynamically counterbalanced in both directions by balance bar 1502.

In contrast, single flow tube Coriclis flowmeters are dynamically
counterbalanced only in the drive mode. Most commercial Coriolis flowmeters have
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node and the Coriolis forces are not fully bal anced. The enhant&®ay 2005
sensitivity balance bar disclosed in U S patent. 5,987,999 i's an
exception since it addresses this issue. The bal ance bar addressed in U S
patent 5, 98% egunieesalahes foalthe Coriolis foreso e Cafolfs forpeisaplied tb bite fice tulse

bendi d to.b - the drj f ) F the oth
conmer i af FBGAGYETSISBEL 08 TEIG dlive PERRe R EdSaal Uee FRtoPBeY RGNS
bendi ng nogg efthéngideabftHeedivdr. | ?h@?ﬁ&i&'fﬁf@&k&ilﬁﬁﬁgﬁﬁeﬁ@fé ' excite the

Coriolis force is not counterbal ance Lack of counter ance Is a pro
for Cori ol isecepdebendingonade dftthechalance bart and oskierhakanter theuCosiolis) foreeer

' aadhn ' 5 t .hot ff f t hi bl
becausd 1 ndeNPudl b BaBNGe b GRoBnd HRDUIG mode sssonant BenrePphisARaTl ree
the bal ancqinfigs the@ﬁ\)é)ﬂrdgr%érﬁ{]y? Thud! ﬁ]@bﬁ%@é@;ak% Ad@:x¢ited 1 tHelsddamll Beting '

t he gyroscopic neter. he ave no Inpact on the gyroscopi c neasuremnent,
however, bdaede and s Ceridlis focces aranatfully talenotd.sThe enbancedhsesitivity Hdlance

tube are i | ve. pl.ane _an r seen by 20 the centrally | gcated
ayr oscopi ¢ WAL ERTeSFEERUST PRt Rz bo AR srinithn SRce i sdifrestes figlsste
drive/ Cori QHesbalafBe Bt adiPessERAM UD. pARn$Io8YCoP) had ThE IHdisltcd BasHsBRBAt
in the gyroscopic plane. The neter of FIG 15 has a drive magnet D and a

dri ve 16oi | framsiensy dnthaisecord bepdirmardadowerss: se asio hepeat the drivedrequency.

bal ance ban rj ' ' ff _(velocit 5 sensor). 1508 i

| ocat ed on_Ft réhgp%%gr%dnégaglf ﬁ{)ﬁ/ﬁ%}t%ﬁ 6‘%&?&'55'%% ﬁée drUETR g¥fRara t.he
drive anpl isodad biepkitig moae efithewWddlhicé Bbar is BoPs@Reehtly @itk dritetheetosoily
or vibration anplitude of the flow tube 1501 with respect to the bal ance

bar 1502 i fPFCRdS BPt ¢auntarhalancesh Lack afsoysterbalanceiis a srobiem for Cosiolismetensde

sensor) " 16 PEoRade It 18H4s W fetct (ARG et rfliBy h P WEKRUCy) THES shibsgpeie
to dritger Metéhdeeyabosiffer fesmsnis prablern bedhnsé theh%yrosba ¥ vibeitionTahe flow
t he vel omtalqo_r vi bration anplitude of the flow tube with respect to the

bal ance bafih&isgRuriemmiangedbyithe-balepge barnce the f1 ow tube vibration

anplitude in th i | ' | ' rj

ampl 1 tude and 1 IS TREEE afe AR B B AAAE oW Bhe o v LosEEn Cddr, |

sensor out pbeytareob ilmpack@tthelgwesaspiemeastirerabnt, holveverdsedauswthidy snd fhiee

drive vibration ggpl_i i.uge must afJ 0 _be known. The preferred nethod does

not cont rofeSr'-ﬁ'@ﬂ pgghs feflegtionp éﬁﬂﬂpmfa@e@rem*@%vq planeand areol seea by
20  the centrally located gyroscopic velocity sensor. Furthermore, unbalanced vibration

in the drive/Coriolis plane has no impact on the gyroscopic ampiitude measurement
in the gyroscopic plane.
The meter of FIG. 15 has a drive magnet D and a drive coil (not shown)at the
longitudinal center of the flow tube and balance bar. A drive amplitude pickoff (velocity
25 sens'or) 1508 is located on the opposite side of the flow tube to the drive magnet. The
drive amplitude pickoff has an output that is proportional to the velocity or vibration
amplitude of the flow tube 1501 with respect to the balance bar 1502 in the drive
direction. It is used to control the drive amplitude of the vibrating flow tube.
A gyroscopic ampiitude pickoff (velocity sensor) 1511 is located at flow tube
30 1501 center and at ninety degrees to driver D. This velocity sensor has an output that
is proportional to the velocity or vibration amplitude of the flow tube with respect to the
balance bar in the gyroscopic direction. Since the flow tube vibration amplitude in the
gyroscopic direction is proportional to both the drive amplitude and to the mass flow
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the drive vibration anplitude precisely. The ratio of the anpl i8 tthy 2005put
of the 5 gyroscopic velocity pickoff 1511 divided by the precisely nmeasured
anplitude output of the drive pick off 1508 is used to determ ne the nass

flow rate. rathj ﬂ\drwrbsdopms@atntwhéwsdmﬁﬁpﬂﬁéarﬁﬁm e neet aleie asein indéicator of
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the plane gfe é'Pl?"se 828%nd wd%hw Hf the drive vibration is neasured

by drive picko 1508 and the 20 ve vibration signal is conveyed to the
el ect 18ni cs 1520heflonwmetar i 50022 FIGY thcomprises alflow tube thQiug batameehasridli2ng

fl be, A f d ed
for ces vi bPAYBO BRESasTECtRE b onPReting nads 4 ol nd 1ante0 gt hat 150h " e
the pl ane phctieidehghe pbhRAR ﬁﬁﬁ.s%rﬂpﬂ%mﬁfﬁbm%eqﬁém%ﬁ%i S4ially obtwérd

of f 1511 and the signal s generate it are extended over path 1523 to
meter 25 ebemndmmwclmngaaﬂé% andctﬁaérmmwﬂugbm 1509 ohcagerdhd0on The

recei ved oy at hs and rates out pa
156 cont AURERESTIT I RARERCS JERB AT RO e Santentiiths Ap33 obn@iihe e,
conpr ge t&@bélsﬁdfe Bar iboRaGaH HDiAneRWall B8 of iiisedyses.copi ¢ Tl owmet er 1500
may have a bal ance bar and flow tube pair 30 having a resonant frequency

in the drive diMetarielacuppiceriS20canirals the eperadion afflaywreatey 1500. tIRso domg

Por “tho. dt FoERh bea B HAR 1PREto AENERaar Lin LRRAGE RO LPS1RDT o

enbodi rrentbalancd\baﬁhmmnrﬁwabpéénﬁauwg glaner serp@diculdroo thesplaneesf the
met er havi ng unequal 24 18
paper. The amplitude of the dnve vibration is measured by drive pickoff 1508 and the
20 drive vibration signal is conveyed to the electronics 1520 along path 1522. With
material flow through the vibrating flow tube, gyroscopic forces are created as
previously described. These forces vibrate the flow tube and the balance barin phase
opposition in the plane of the paper. These gyroscopic vibrations are detected by pick
off 15611 and the signals generated by it are extended over path 1523 to meter
25  electronics 1520. Meter electronics processes the information received over paths
1522 and 1523 and generates output signals over path 1526 containing information
pertaining to the material flow. Elements 1510 comprise the neck of flanges 1507 and
1506.
The gyroscopic flowmeter 1500 may have a balance bar and flow tube pair
30 havingaresonant frequency in the drive direction different than its resonant frequency
in the gyroscopic direction. An embodiment having different resonant frequencies for
the drive and gyroscopic directions can have advantages over an embodiment in
which the rescnant frequencies are equal. For instance, a meter having unequal
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resonant frequencies can be used to conpensate fora change in téeMay 200Dw
sensitivity wth the flowng material density. The change in sensitivity
with density is common in Coriolis neters and also exists in gyroscopic

f | owret er srasonangfrequeancies san hetuseddo cempieasatefor achangedn meter ®vwgyensitbahi c

directions, . T ange in sensitivity is due to the change with density of
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direction is above the resonant frequency in them%yrosco&lp di rection. The
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bel ow t ho o768 peESfRiERaRd Br iFoqtbiRbRRE, THEGRE Gihastobit ol Aehd that,
t he gyfoscihei tubkovibetion dmplinrld pdthet gproscepicedicgctidrals losverdier er high dEnsitye

gyroscopi c resonant frequency. Since the anplification of a vibration
i ncr eases mﬁ?ﬁ'é@"@ﬂ AP qm@ﬂwa&pﬁﬁﬁm«ﬁﬁ'ﬂ'ﬁ@ m@%m%HYmFEHMW“S¥er

| nereases | il . . _
e vibra rg#@%@tsw seﬁﬁhﬁﬁ){eﬁ?g%Oﬁnsb%@ﬁgﬁatﬁhﬁﬂﬂ%%ré?éb%etfe Sone.

anpl i tude lonint plC ettion to I ncrease and cancel
t he decr eathisiaffenhid discokesechinsdestaidyn UtePatent €69€9,265. mat eri al density. 30

ceparated by maiRGWENE apmRRTISale e hlide Fumetar droy SerpOs paTdnsiY
dr veadi ! 5ts Bsightid metef RFIHAY RSEABNANEHEGEEAEY In thedrive Hdeasn iddibve the
resonant frequency in the gyroscopic direction. The higher density material causes
the drive vibration frequency to decrease. Ifthe resonant frequency in the gyroscopic
direction is sufficiently below the drive frequency, then the lowering of the drive
frequency causes the gyroscopic force to be applied at a frequency that is nearer to

25 the gyroscopic resonant frequency. Since the amplification of a vibration increases
as thé driving frequency approaches the resonant frequency of the vibrating member,
this lowering of the drive frequency causes the amplitude of vibration in the gyroscopic
direction to increase and cancel the decrease in amplitude caused by the increase in
materiat density.

30 The resonant frequencies in the drive and gyroscopic planes are easily
separated by making the dynamic structure stiffer or more flexible in the drive direction
than in the gyroscopic direction. For instance, the balance bar of FIG. 15 has slots
1514 in the balance bar in a location that has low bending stress in the drive mode of
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1514 in the balance bar in a location that has | ow bendi ng str&%May200be
drive node-of 25 18 May 2005 vi bration and that has high bending stress in
t he gyroscopi c node of vibration. Holes in this location |ower the
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essentially unchanged. FIG owret er that 1s
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wher eas €lmen I6x 16thaving nusmhgysdnthe d200seriess Filoaseter 16800espends ng

funct i on A Ao figh S diras it IHER e Ruthe. MBbBh 3s e dipeldtifioo
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i ndependent of material density. The connecting ririré%s 16 are discussed in
detai |  Vibratien amplitudesanbichein Wirp; epRissenbibevmateriah fom rmipwmithin flownmter 15

ffixed 1800) SObBHittelrof BétieatOtit BMpIQ@R oL FiRa To i IS 1B F BAF B oo
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Coriolis_forces are detected b}/ pick offs LPO and RPO and transmtted over
pat hs 16§QQHﬁﬂcﬂgﬂ°Woth?eﬂé'Vee reguepsy cwhewszs e dlovapetes: of ks 18 sas ow
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I nputs and net hé’ S, can be, used to enhance accuracy through averaging or

error chBg¥® n@n g%Yroﬁﬁ%Q'ﬁng.E‘?CtFQf‘%oﬂﬁd heesty irgnder cthec dpmrasles ssangitivits
extrene jpehabhf &f matdld deRSity! Mhd Woni&itihgYings 1616 are discussed in detail
in FIG. 17.

20 Another difference between the flowmeters of FIG. 15 and FIG. 16 is that
flowmeter 1600 additionally has pickoffs LPO and RPO affixed to flow tube 1601.

These pick offs respond to the Coriolis forces generated by the vibrations of fiow tube

1601 with material flow. The Coriolis forces are detected by pick offs LPQ and RPO

and transmitted over paths 1624 and 1625 to meter electronics 1620 which

25  determines the flow rate using the Coriolis signal input. Thus, meter electronics 1620
determines the flow rate using two separate methods: Coriolis and gyroscopic forces.

The two flow rates, calculated from independent sensor inputs and methods, can be

used to enhance accuracy through averaging or error checking. Forinstance, in some
operational circumstances such as extreme temperature conditions, the two sets of

30 information may not agree and in such instances, the output information of one set
may be used to the exclusivity of the other. In other operational circumstances, the

two sets of output information may be combined and averaged to provide material flow
information of improved accuracy to path 1626. Furthermore, using two methods of
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30 informati on may not agree and in such instances, the output 18 Mayr2085i on
of one set- may be used to the exclusivity of the other. In other
operational circunmstances, the two sets of output information may be

conbi ned aﬂdwanmag‘edtetrﬁcahQNd:réaséﬂlh@li'eliébiitWWthe ﬂé\@l‘ﬂé@éﬂﬁzsﬂ pRVidiA aBRkup
accuracy to@ﬁ@th 1626. Furthernore, using two nethods of 26 18 May 2005

f1 ow measuPRONIHONSMepRUrament maans dal.abi | | ty of the flowreter by providing
a backup gfgyff one neasurenent neans fail. FIG 17 FIG 17 discloses a
connect i ng—rT‘n‘g' 1700 that may advant ageously be used for 5 connecting
rings 1503, 1508IG.aty aietlosas akﬁﬁﬁte@:ﬁdg lﬁ@fh 70 tﬂwboma@ta@vanta@&@nﬂbéﬁ%’d fgm

FIGS. 15 and 16. Connecting ring Is essentially a circular ‘nenber
havi ngPa €¢Rn&nting "@Eﬁe‘rﬁQﬁg 1§Q14f ﬁ%@“‘-ﬁl’ﬁﬁl" W:f ﬁnﬁ 1684 wf flowmatersy1 80Mhand d6(e| |

Fibbs 15012 AMBEE ] TR Ranhithg FBCEI0 BbeseAlbl/a rcdiat enibedifine 8"
openi ng 17€fculdihexteriopsufacd 4761 Wi ai cmn’tér abénmgdﬂbi)ﬁ @S WBI]FEB lFo éd.‘tfhd side

to the exterior.s ac the flow_tube Exterior surface
connect i ng® 'PM@*&% &06'6961’%”59 16’9925 ﬁﬁeﬁp‘f?hﬂo‘t"ifwst@qwqi Fhﬁ@? M@ﬁhthﬁl I

1519 and A

connect i ngﬁ@%ﬁs&lg#gﬁaﬁ@ ?@669%3}? % Cﬁgglait "'A% B&Weﬂ%t?‘gﬁ?%‘@? The
ends 80 t haffived bybeating orthe hlteatdtlhevexteubmrfé@ (ﬁ.‘theﬂowmbem Egteribferface
inserted o e flo tubes that ectin ortions 1616 are
on the topwafﬂhoﬁiﬁrtr@ﬁ%g ”Pﬂél BS%CF %WIOB&'GF‘ toi inteiar wall 1519
projectin n :

Par 26 then (2otdifte %ﬁf%‘é"?%%ﬁ‘? FB02ApriSalindlorieoh G igh 1760
unaf f ect eds thprovidea @tattmtmttom'.da@nehvmmdtmmofathetmdseﬁmmbalahcewﬂttytheﬂctvhe
gyr oscopi G gl rection. This 20 alters the resonant frequency separation of
the drive YPB¥ations with respect to the resonant frequency of the

gyr ospppi ¢ Vi bregnétsting ﬁ\fqg 1 P00/ @06 Insesitd 3ﬁto°lil]ﬁe§fd’\ﬁ'1&b%s é&‘ﬂ'lé‘t'tﬁé"ﬁ?éﬁbﬁn%

conpensate for changes™in Tlow sensitivit ensi t Conne
proj ecti or&d%tpeﬁ@msﬂﬁél@ are amthe iop amﬂbbttotroafﬂ)rb ftdwetdblesvastsﬂmmasnsﬁiﬁmnson

FI G d d he..d f h
The gyt us I eroladiiodERbnGS shanhGune wifughahiSngtii 158 Rwitkbs in SSRSE 4 b
that the pirivieeobratibrsiréSomstt! req6eAdPIs akdhadrhbd efhile it t@a@sd@ﬁaﬁ&cféaetﬁé OW

tube as shown on FIG 15 when it is
vibrational length and hence the resonant frequency in the gyroscopic direction. This

20  alters the resonant frequency separation of the drive vibrations with respect to the
resonant frequency of the gyroscopic vibrations. The frequency separation permits
the flowmeters to compensate for changes in flow sensitivity with density. Connecting
ring projections are affixed to the top and bottom of the flow tube as shown on FIG.
16 when it is desired to raise the drive frequency with respect to the gyroscopic

25 frequ?ncy. Conversely, connecting ring 1700 is rotated so that the projecting side
portions 1703 are affixed to the sides of the flow tube as shown on FIG. 15 when itis
desired to raise the gyroscopic frequency with respect to the drive frequency.

FIG, 18
FIG. 18 discloses a balance bar 1800 having lowered resonant frequencies.

30  Atthe longitudinal center of the balance bar are holes in both the gyroscopic direction
and the drive direction. Only holes 1805, 1809 and 1811 are visible but it is to be
understood that there are two unseen holes opposite holes 1805 and 1809. This four-
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desired to raise the gyroscopic frequency with respect to the t8Mag2005
frequency. FIG 18 FIG 18 discloses a bal ance bar 1800 having | owered
resonant frequencies. 30 At the |ongitudinal center of the bal ance bar are

hol es in bogdy ts?ﬂwrﬂafrpsmmrs ther esdorant feguéideslréqe@allyi iredidthntheQdtiyehahds
1805, 1809 and 1811 are _visible but it is to be wunderstood that there are
two unseen GWPEPRIHEPHSFRNH0l es 1805 and 1809. This four 27 18 May 2005 way

avT oscopi ¢ dir od Weraes e that AR 5 81T b8, AR, eh ffother

gyroscopic direc we assu s axis$’in

drive dir ectwoquairs dftholekel B 806! wadpB08; 1B07hateeivckidd hatiBgaheinastes 808he
1807 are | ocated having their axes in the 5 gyrqgscopic directjon., Their .

| ocat i ohs AWO3GRRIE direetign., Lﬁ'f’&’Faﬂﬂﬁ‘%PWhﬁﬂbg@ﬁ?Q/@eWr%‘rwfr Eﬁheaﬂﬁ%y' ffign
results in | = i rcﬁﬁ%ﬁ‘i’l f t

pairs of horﬁg@g," gbmf%%;stru,"ggﬁtg%r!p‘m&é@g?eo theBEigI %ﬁggsﬁar %@ﬁ%gﬂ%‘m
peak stresspdirs ofthotesy \howeeven] arevorbtt sides obthe balaace bap bavingrthe peakatresisdn

resonant frequency in the  gyroscopic . vibration node., The |owering of .t

Lol ot bartht GYRREABIC Vet mode, el jpaten Falias (heresRpe i dierey b dhe
hol es separ ' i [ r t ~ff f o] LC
di rectiolrcl) r@é@%%étéf\ﬂggé&@r@w% ?ﬁes@ ol gogéhggggs%%fhgggbff%ty gfﬁfggé

f | ownret@r tgyresoupimdizectidroby teuge sf thesk! loles sepatates tiye drivé ditection sesoneint,
19 Meter electroni¢cs 1900 on FIG 19 discloses, further details

f
enbodi ment MeEiegeY forahegupsFeie direeionrasonentireqLeney BRd N oG Sghances
applies a qg%%ﬁg' dS{E{e ffetdtdd '&oﬁﬁ?énshiﬁ}f&'cﬁ%g@sﬁﬁﬂgh&e RiVit) whihd Sty

flow tube 1 ance bar 1502 I n ase opposition. This drive signal
i s gener at edGby9dri ver anplitude control elerment 1901. Enbodi ment 1900

al so receives pickoff signals r hs 1522 and_1523.  Th i gnal ..
recei ved on pat MQ@E?@@ @%ﬂgéﬁoﬂfﬂﬁ-ﬁﬁéﬁ%éf’ﬁﬁ? ‘?frq%ﬁs BF%'ESFP%W@”‘
and i 0 | Rnfde El X: : ' e Avepd
on panglS;bg%%@pgﬁ%er anp %(tiﬁﬁg:lgég?'r oi gﬁ%{? E%égég% %gtﬁgéf%—? Thi s
si gnal enalgatis 16R¢ rterdrivet I ontFAGy d beoatibrate owctpbier $50t agddialange bar 602 in

o o3 RS abheogs THE S Sl 3OS er e B bt SRRl iehnei
gyroscopi ¢ 4209 K ehibsdiiritHt 19b0 el reBEives bickdfBigRakibver paths 1522 and 1523. The
signal received on path 1522 is received from the output of driver pickoff 1508 and is

20  applied to element 1902. Element 1902 extends the signal received on path 1522 to

driver amplitude control element 1901 over path 1905. This signal enables element

1901 to generate the required signal for driver D on FIG. 15. Element 1902 also

extends the driver pickoff output signal on path 1522 over path 1904 to element 1907.

Element 1903 receives the gyroscopic pickoif output of element 1511 over path

25  1523. This signal represents the amplitude of the gyroscopic mode deflections of flow

tube 1501 in the gyroscopic plane. Element 1903 extends this signal over path 1906

to element 1907 which determines the ratio of the gyroscopic pickoff signal on path

1523 to the driver pickoff signal on path 1522. Element 1907 extends the determined

ratio over path 1908 to element 1909 which generates the mass flow rate of the

30 flowing material using the expression shown in rectangle 1909 where M isthe mass

flow rate. The calculated mass flow rate is then extended over path 1526 to a

utilization circuit not shown.
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25 1523. This signal represents the anplitude of the gyroscopi ¢t8 Mage005
defl ections of flow tube 1501 in the gyroscopic plane. Elenent 1903
extends this_signal over path 1906 to elenment 1907 which determ nes the
rati o of tﬁéﬁgﬁoscopi c pickoff signal on path 1523 to the driver pickoff

signal on path 2. n Kl 907 t d )_ned | v

1908 to el enent i3?%092 %@gﬁgégéegﬁ%s&ﬁ:g’%ﬁ%@gef%%'ﬁ?ﬁ %‘?15??“58%'8‘ ?:’fo'\?'m%?]%
mat eri al uglgogrohivs €320 essFi@ 1)0Whas been tdusghibed Hiflv Whe eentdbdifmeni & 900sSf
flowrate. The C":1| culated _mass flowrate is then extended over path 1526 to

a utilizafMeIer Elgci@nicndb2Qrbmwn o8 MGy catmiatesdhexmassdlowrals ssing as
5° Tt Shab ReinREHORR FyOr e TilosPoakifimhaf sdlfude o 2oy ielicfe

1520 shownampliftid@ ofl thee dtivert. aEasbddiment 2000l @mwFIGt 20ufor taeter eldetrenios M820on

of the ratio of themgéro copi ¢ \rlrh%rational_ anplitude to the vibrational
anpl i t ude 88NeNRELYMEEF . Tiewh Rteniniormaken Ji B manner; hat,gogs 8Pk JeAdiPCa

1520 genegalepmidtioh bt HAYE e.—,ingkggw@fésqgitpg LadBRfi%En aiméﬁte?gg@.t Driver

require a determnation o Ve  anp e caSe
enbodi ment pitR6ff redister@003mndki@. 20rregeives a skt fram fHasdrivadr pieka slement4i508al

recel J0a spifapatBu B2t and sk bedecsbipd mignet oty PB AU (o BGHenAmBituden
turn, sendgorrdiZ0A which? il 6, l%éhéia%oﬁgﬁfﬁir !C))féi %gﬁiikg%@ﬂﬁio?nﬁﬁi@d%%ﬁ 0

driver Dof FIG 15. Driver anplitude coOn
count er par pathl #d2htto ddverdn ofl BG.195i rDiivert amiplituddeg cahtrah@001 udiffecst froheits

dri [ I d 2001 i ol l.ed w,
0 brent SoBntAGRE SleBleng0icoR Bic’ 19 in biatiRgsidnalampltune B e iR signalue
ratio of t e-ﬁfezﬁwe@ném%oqiigaehuém\ggh Pﬁgedisdasnmanéhgﬂ@dm ggereﬁiréublége

the mass flow rate.” Since the anplitude river anplitude contro
2001 18 comtrequise akietermingtios obie amplitude natimof theggyraacepiampdmyighal todbed

internally I nt. 2007 to.calculate the mass.tlow, rate I ng ly,the
lanal - r e AR boA SR ER MaEs BOR, PR St s el Bl e e o,
tube 1501.anhplittidé@onticP20® isdbritlle@AthRecisicnnidy kpswh advankeehdkhdyben
FIG 15, is extended over path 1523 to the gyroscopic pickoff el enent” 2004

and is thesserintaraaliyhy @leeantall7? imealculztnthe massdiowrateasing enbyribatsigned 7
receives tAG ARG AL GG bPHY §scopic mode vibration of flow tube 1501. This

20  information is received from gyroscopic pickoff 1511 on FIG. 15, is extended over path
1523 to the gyroscopic pickoff element 2004 and is then further extended over path
2006 to element 2007. Element 2007 receives the gyroscopic mode vibration
amplitude and uses it directly in the calculation of the mass flow rate. This mass flow

rate information is then extended over path 1526 to a utilization circuit not shown.

25 FIG.21

’ FIG. 21 represents a possible preferred exemplary embodiment 2100 of meter
electronics 1620 on FIG. 16. It will be recalled that the flowmeter of FIG. 16 generates
material flow information using signals representing the Coriolis deflections of flow
tube 1601 as well by using signals representing the deflections of flow tube 1601 in
30 the gyroscopic plane. The Coriolis signals are generated by pickoffs LPQ and RPO
and extended over paths 1624 and 1625 to meter electronics 1620 and in particular
to element 2114. The gyroscopic mode material flow information is generated by
pickoff 1611 on FIG. 16 and transmitted over path 1623 to element 2106.
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arrplitude and uses it directly in the calculation of the nass 8 Mayr2806.
This mass flow rate information is then extended over path 1526 to.a
utilization circuit not shown. 25 FIG 21 FIG 21 represents a possible

pr ef er r edEmbydimenty2 $00 alfiongarieraléd) adriveasignal fot afvedDiorsFIS.216.0Mhis! Signdl6.
It wll be recalled that the floweter of FIG 16 generates _nmaterial flow
i nf or mat i SroanEragddAaver arapltude ranieel 2181@nd extedded oveEPalih 162t g diver

t ube 160 |4 ' ' | DO f ' :
Lube 1601; 1 4B 1632 BHER T PR TobRRERBARING fik dftdl el fiaLOg S OTVELONY
pi ckof f s [END HhdlPSignahis extendee dvey pathpté2istoldriddkrpickofia2gister @408which,

el ectronics 1620, and.jn particular,, to ele 114. Th scopi e
it ol I, e SRMALOYE R el (AN A {0k relamente 6 a6 2408 dhe
transmtt . ' 00
bl 20" gener dnatsi paftt 213 ednt it ERpibHRLS tE diivelfina denerteath Bldmerk
gener at ed2td1.dThe eignahph pathd2104 aipplies Ati®ér amglidednibenhaticato eierhedi2108.0
driver D, Path 1622 receives a ,siqgnal_representing the yibratiopal

Sl T uadh SHohEl raresEinG the amriBudRiathe Ryfaconic dnods wihralioes Shbw tvss,
to driverqgn ' | ih B [ | s r
bat he. DI0R0TSRIARIIRAE Bitn 1603 b Wirbscdpi PICihLIBH BRErt 1613 L The sigH
contthl s ampatinb23 isdextended o dlement 2406 viagpathr 24 Gtitobglesiant#08. Hlemmenthe

A ol gnal 21 Scciofs BPPruianger dereit boreipede e Hbua Y Biletns 1o
flow tubgm ﬁ@aeafaeipaeplthsgg%rﬁse%i& AR BigraY teSERPUAvVE mbek siBRBPUIThis

el ement 1611. The signal 1 path 1623 i s extended to el ement "2106 vi a
pat h 210determsinedyatio 5 egendidmyer path @309 do eléroast 21 t whickegereratessmasbed

gyt oscopi o HIE BRTHST Jhing T RbRe &Falest Slemiati 15eRL; Triairpiornic: <

ext eygled MESE oAt HSmiicH RIPRh Sddhduldoolr paner 25 BRMent 41 Bwhate
information in the same nmanner as does el enent 1909. The gyroscopi c 15 nass

f1 ow r at duneliast igesubsequentiydesesieedlded over path 2112 to el enent 2113 whose

function is s 2quent | L. Lol I e.0 '
recei ved by elu‘gﬁ'i(ﬂté @'ﬁé O@@éﬁ{ %‘J@F‘%LS %L’pce. mgféeﬁéﬁ@%?ﬂ ?’Sﬁgﬁgﬁiﬁ?gsgﬁen
ext ended #1628t Thédd Bigralsbrsidn dkfehded sier pRiB YN 8totdigmient® i 17 which
differential At between the Coriolis signals from pickoff LPO and
measures the time differential At between the Coriolis signals from pickoff LPO and
20 that from pickoff RPO of FIG. 16. This time differential information is extended over
path 2118 to element 2119 which calculates the mass flow rate using the indicated

expression where the magnitude of the time differential At is proportional to the

magnitude of the mass flow rate M . The mass flow rate information from element

2119 is extended over path 2121 to element 2113.

25 Element 2113 receives information from two different sources representing the
material mass flow rate. The information received on path 2121 represents the mass
flow rate determined by the use of Coriolis mode deflections of flow tube 1601. The
signal on path 2112 represents the mass flow rate determined by the use of the

‘ampiitude of the gyroscopic mode deflections of flow tube 1601. Element 2113

30 receives the two sets of mass flow rate data and compares them to determine that
their data correspond. Element 2113 also functions in the event of a non-
corespondence of this data to perform error checking as well as to correct the data

using compensation techniques.
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20 . that from pickoff RPO.of FIG 16. This tine differential t&May@@0bon
is extended over path 2118 to elenent 2119 which cal cul ates the mass fl ow
rate using the | RAhCBA BbenCifidt ARSI §rovbEpie AdwmEaabt dike présdriteinvention is
differential at is proportional to the nagnitude of the nass flow rate M.
The nass fadvantagesusrindhatethedlow radenie p ionghtedhedatiq between dye voljages

ZL2L X0 o ks Gy Lo SR Gt BERAHER B G b socurate
i nf or mat i GRw ReasMRINER Wit dimpledliecponies £ The diéctramcscarf bemuchiohedpeeand ned

by the use of Coriolis node deflections of flow tube 1601. The si&g&l.on
pat h 212 robpsidbanthoserequited fanCGariolisflowraetars: Alse. Hie oyrescrric fiow mgter is

anplitude of .t he ayr [ " ;

1%s o0 r ey desBiedRRERIENEVER LA I ngls \idhdaRt daiteril BFRAY
det erni ne that |t fsheitie éajresslgiuhdemiood tikieherdaifieBinabstion ismuatitorke limitethe
event of a non- correspondence of this data to perforn1err8{ che Fi as
wel | as. t dodiwe deseription aitheprefaadembRpiment b encertarsage othesnadivaliprisoos

It can be seen [ i ' i
acvant aged it AN ARLBK IS ARBeE BB Rl Pochtiedb gRbal compBinpat
vol taes  df@kinglestfighithebe Aowmieter, itds kobe undieestood that¢herprzsent fifiveritiontis y

| arge to enabl e accurate flow measurenent mﬁthdﬁjqﬁl el ect r.oni cs. th

el ect r oni awtsarintedant mayke bsed with=othepbpesioffowmnetess ingluding sipglp tube

Coriolis f : 16 F | | ' SO
25 to havdoRtRRsEs ineniRr el FyRYPORTEReGoh s YaFaS okt g EplatRy, ¢
is to be ffficys tibes)ndtiestepmd“dxistt ag ised hereinl shallebe undeistoorbtast being an
limted to the description of the preferred epbodi pent but encompas uE
ot her nodimaginanypgreal ﬁ&f?'ﬂ@khﬂ%ﬁ‘??ﬁbw{‘mh 051?& aﬁa@@MPT?HQBﬂ?‘? rﬂ%iés%een
di scl osed as conprising a part 10 of a single straight tube flowreter, it
is to be understood that the present invention is not so limted and may be
used with other types of flowneters including single tube flowreters of
irregular or curved configuration as well as flowneters having a plurality
of flow tubes. The term "axis" as used herein shall be understood as being
an. imaginary or real straight |ine about which an object actually or
supposedly rotates. 31 18 May 2005
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CLAIMS 1. A flowreter (1500, 1600) having a material inlet (15®®ay260%), a
material outlet (1507, 1607), and fl ow tube apparatus (1501, 1601)

connected between said inlet and sai doawiMg . said flowreter being adapted
to receive a material flowat said inlet and to extend Sfiéd materjal, flow

through saitd fl ewilowimetend{d508: 1600)having a rpatsiiel et (3809 19QRMmArB2tefgl ¢ her

conpri si ng: Iver t hat .c | cal ' bl at us
by vi brati r%’%§g{1é\ﬁ$f ﬂé&h&ﬂ ' gﬂ%&bﬁ&%@%{ﬂgggﬁ%gsﬁ(ﬂ&f&éﬂ}gﬁ I n ae%ﬁ(reief./e

pl ane that Jdnfidemdesaid anget, sdidRowmeter inding aiddpfddoly reubiveapprteral low at
apparatus that inparts a rotation to said material fl|ow bn sai d fl%/v tﬁe
10 appar at saichintattanddoextendsaidanatariakflow theugh said flowitybeappargijis o gald ¢

said j brating fl t ~5ai.d apparatus for inparting includes
sai d fPow 1%9@8éﬁtfgﬁv%‘ﬁ’ﬁ’g?e’a@ﬁﬁégﬁ@i’ﬁ%@@'i n that said flowreter further
conprises: said 5ém&r%gpm@waﬁﬁlwﬁmsaielsﬁmmsjbeaapparahﬂs ky vibrating said
deformati on of said 5 fl ow tube apparatus gé sa" d 3 lver and to said
rotation offlovelubberapparatus atiaodiivesfrequenaycinmdive plane b?b@&%@ %ode
deformation of.said _{low.l .8 gyroscopic plane; said cyclic
gyr oscopi cqm@dﬁﬁgfﬁa‘ﬂséx&)ﬁg‘?qggé%ﬁ?ﬁtgaé related to the magnitude of
said material flapwaradQs Batheiparieppatatiors td $3itimatesial flow in eajsbiilew Webe o sai d
gyroscopi ¢ node cyclic deformatjion for generatin opi.C.skagnal s

i ndi cd ve apparatus ahgtt saiddorgituding] a)%(%rq' A0 ba&, 8@?@%%&@&? g"Q@par at us

I ncludes a Lir ' nerates signals representing the anplitude
of said cyé’l'qréﬁ'églﬁé@ﬁ%%@bﬁglc‘ﬁatg%eformation; 25 said pickoff apparatus
further includegsaid sgsaratusiios impartihgGasludes@ajd fiatubgeppatatus; signal s .
representing the anplitude of said cyclic flow tube deformation - in said

drive plane; apshaeadienzeripthabsaid)lowipetedfRNSRAUPPINGSCt roni cs (1520,
ot appst : Cr Ut ot inat
and secondpi ckgpickfiak b 8GRl boltll Eaportive to SRABICR eI s8] |

cycl i q5f | owicWBe@ippassesiby said driveeind tesaidrotatiosadfasaiy matedal flowfalne to
the anplitude of said cyclic flow

inducing cyclic gyroscopic modetéjel%grmation of said flow tube apparatusina
gyroscopic plane;

said cyclic gyroscopic mode deformation has an amplitude related to the
magnitude of said material flow;

20 pickoff apparatus (1511, 1611) 1responsive to said gyroscopic mode cyclic
deformation for generating gyroscopic signals indicative of the magnitude of said
matenrial flow;

said pickoff apparatus includes a first pickoff that generates signals
representing the amplitude of said cyclic gyroscopic mode deformation;

25 * said pickoff apparatus further includes a second pickoff (1508, 1608) that
generates signals representing the amplitude of said cyclic flow tube deformation
in said drive plane;

apparatus (1907, 2108) including meter electronics (1520, 1620) responsive
to the receipt of said signals generated by said first and second pickoffs for

30  determining the ratio of the amplitude of said cyclic flow tube gyroscopic mode
deformation in said gyroscopic plane to the amplitude of said cyclic flow tube

deformation in said drive plane; and
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deformation in said drive pl ane; and 32 18 May 2005 35 appar at 48 May2005
2111) including said neter electronics responsive to said determ nation of
said ratio for marzﬁhbr@@%ﬁtﬁltﬂhnﬁlodmsgtdaﬂm@eteientrngictsmespdnﬁiverb:tmitﬂal

flow 2. The fl qwreter, of, cl 1 char cter at s i d.ouf put,

{ nf or mat i 0 etmmmot S ral Tor ofparafisa GhlE foftmabion gertaiitg toistia .

flowmg 'QBV? characterized in that said flowmeter further includes
f 1

said fi rst p| c 1511, 1611) that generates signals representing the
anplitude of said cycl I c gyroscopi c node def ormation of said flow tube in

(2001) *Y hai. contTHe BVREtes gL chrracipec pithal PR ORI BRI e f on i n

sai d drive jRligdey th@rmaggmmwofa&aﬁafe%pﬂw ve to said generation of
signals representing the anplitude of said cyclic gyroscopic node

deformation of said flow tube in said 10 gyroscopic plane for determ ning

the mass flowr eri ow. .4. . T ter of . cl.ai

char act eri Zed |ﬂ+'f3 wrgg}ed'og?:ﬁ fF’Q '@é;\ﬁ%g;qu'ngﬁﬁéﬁa' gwWrgte Fgfhﬁ{nt
frequency gfcigddsdsy Girs IGNGIPEOPR, emaflen feﬁéfmés (T]grfa‘l’s PEpreSérithg thel d
cyclic gyroscopi c node defo tlon anp |tu e in said gyroscopic plane 5.
The fl ovmetamphhide:omatdrychmgwmeomeuodendefmmasmmbfcaald/ﬁowgheahegzdl s not

equal to the reson&gt frequency of the gyroscopic node defornmation to alter
the rel at SMSRPPICHEENRen the material flow density and the anplitude of

said cyclic gysaRIGRBtdr dIB&forded YomdAses: i n said gyroscopic plane. 6. The
flowreter of claim1l characterized in that said fl ow tube apparatus

conprises: a si apparadus (920}]1&) thabteontuols theramplitudenef $aid cgdp) flawitubenal to
saidflowd aﬁaldh dai" %rtssm rotation to said 5 material flow
about said ?E“Bﬁ_ Baimaf "éeng P8) 48¢ said flow tube to generate said
cyclic gyroscophgpamees (RIoY) FaspeHsivetcShid gnePRIAPbEsIghA8Fepresenting the
amplitude of said cyclic gyroscopic mode deformation of said flow tube in said
10 gyroscopic plane for determining the mass flow rate of said material flow.

4, The flowmeter of claim 1 characterized in that said drive frequency is equal
to the resonant frequency of said cyclic gyroscopic mode deformation to maximize
said cyclic gyroscopic mode deformation amplitude in said gyroscopic plane.

5. The flowmeter of claim 1 characterized in that said drive frequency is not
equal to the resonant frequency of the gyroscopic mode deformation to alter the
relationship between the material flow density and the amplitude of said cyclic

gyro$copic mode deformation in said gyroscopic plane.

6. The flowmeter of claim 1 characterized in that said flow tube apparatus
comprises:
a single straight flow tube (400):
a helix (300) internal to said flow tube, said helix imparts said rotation to said
S material flow about said longitudinal axis (310) of said flow tube to generate said

cyclic gyroscopic mode deformation in said gyroscopic plane.
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33 18 May 2005 7. The flowreter of claim 1l characterized in thas Magi2006| ow
tube apparatus conprises: a single flow tube (800) having a helix shape
that inparts said rotation to said material flow about said | ongitudinal
axis (810) of said flow tube. 8. The flowreter of claim1l characterized in
that said fVow tTibe flawsaeter o clairaripeharasterizedinthatisajd fowtvibeappseajus 500)
tw sted tog&'ﬁfgﬁ ‘ggout a common | ongitudinal axis to have an el ongated
shape t hat PP%>said rotation to said material flow 5 about said common

| ongi t udi nal axi g sirigl® NlowXubé {80} mvmg«arha& Qia?:lcﬂhét iehparecsaidirotadionrtot hat
said flow tube apparatus conprjises: a bar (60 704) ~and a flow tube (601,

701) wound gaid saatgrighflow@boyt ﬁﬂ'ﬁ '@BQ'FUd'BﬂaﬁX‘$ ﬁ%m)t‘%f s3id flow ke on to said
material flow about the conmmon |ongitudinal axis 5 (610, 710) of said flow
tube and said bar. 10. The flowreter of claim9 characterized in that said

el ongated bgr (7PHe flowmetebaf alairmal charattenizetitin thatkhid fltw thbeappaeatusf
claim9 characterized in that said bar (702) and said flow tube (701) are
tw sted t oge@MBAS€Hout said common | ongitudinal axis. 12. The fl owneter of

claim1l1 wherein ' t afr, ive
pl ane on said vi%?&FFL@‘W&@%”B%gwag‘g’;@?ﬁgs‘°§§fﬂ(?983ra%%?éﬁﬁ@?*é}é@%@o t!ce
Coriolis destiets have anfelongated Ishiapbuhat inpratsasaid roliion o isaidsaaterialiflosy
pl ane; characterized in that said fl ovvr(Et er further conprises: pickoff
appar at®s (2hmyt spistpommalongitudinat 898 (aBhr at us that detect said Coriolis
deflections and generate Coriolis signals containing information pertaining
to.said material flow, 34 18 May 2005 said neter, electronics (1620) is
responsi ve 9.0 t HEhgfowrmaitepof clbins dichaCactefized in maglsaldsﬂmmtwanpgl;atnscom c
signals for generating output information pertaining to

comprises:

a bar (604, 704) and a flow tube (601, 701) wound on said bar to form a coil
that imparts said rotation to said material flow about the common longitudinal axis

5 (610, 710) of said flow tube and said bar.

10.  The flowmeter of claim 9 characterized in that said elongated bar (704) is

substantially straight.

11.  The flowmeter of claim 9 characterized in that said bar (702) and said flow

tube (701) are twisted together about said common longitudinal axis.

12.  The flowmeter of claim 1 wherein said material flow generates Coriolis
forcés in said drive plane on said vibrating flow tube apparatus, said Coriolis forces
produce Coriolis deflections of said flow tube apparatus (1601) in said drive plane;
characterized in that said flowmeter further comprises:
5 pickoff apparatus {LPO, RPO) on said flow tube apparatus that detect said
Coriolis deflections and generate Coriolis signals containing information pertaining

to said material flow;

34




10 said material flow. 13. The flowreter of claim1 further con®pmMayiz09s a
bal ance bar parallel (1502, 1602) to said flow tube apparatus; connecting
ri ng apparatus ( bAY; S R SAb
1 ow tube appar stna metERRLrgRRITIBE0RsRpoRoi R e Beanison ot salcomelR
appar at us agignalaiahdosdid gymsicapic signailk dsegepgrating icutputiinfosngtion pedajsinghto at
the resonant frequency of said material filled flow tube apparatus and
sai d b ancediBamatedal By cl i ¢ gyroscopi ¢ mode def ormation vibrates said
material filled flow tube apparatus and said bal ance bar in said
gyroscopi c plane at the resonant 10 frequency of the cyclic gyroscopic
nmode def or n#3.i onThe flowmeter dfostaim dfudhectamprisinghar acteri zed in that said

Pttt mal - ax: & balerBR T pecalé) [1a02 28 Ak e BOSERS S ¢ v her
conprising: a ca@,f{elaﬁﬂéﬁnégﬂ%?géﬁm?gﬁsbammpbdﬁie%ﬁﬁg ehds ofBdidsivaladnée bar

tube apparatus; case ends 09) connected to ends of said case; 5
ends (1501 to,saldfowitube Bppartug;601 R) of said flow tube apparatus project

1606, 8507, 16079 Savel peeiCaficIgRRud Yoid e 088 EpbaEatS abit LBt ber, |
materi al fliaWHas@Bppodtibflih Bhid@ive planedatahbeasendritiftbquiehcy bhbaldl material ough

said floweter, 10 a second one of said flanges (1507, 1607) on an out put
end of sai dilleddlow tubscapparatustand saiddialarcebatl naterial flow fromsaid flow

t ube apparatus and, .exten sai. enial  fl. ' I he
flowmelto gr of cl aﬁarlr‘l1 E%éf?hgig‘i%%‘ﬁg@? ﬁé@@?k@ﬁﬂ%%ﬁ% %&r‘?‘nrhdleaglﬁ‘gr at us
conpri ses: tg3he hppliPatug @RE said Bhlante bar G BEidCGYr0scspio plane atthe FedGnarit603,
1504, 1604) connecting each end of said balance bar to said flow tube -

appar atus; freauencyaf $herydicigwostasjie pradedefompatipnon sai d connecting rings
in said drive pl ane - '

14.  The flowmeter of claim 1 characterized in that said gyroscopic plane is
perpendicular to said drive plane and to said longitudinal axis of said flow tube.

15.  The flowmeter of claim 13 further comprising:
a case (1505, 1605) enclosing said balance bar and said flow tube
apparatus,
case ends (1509, 1609) connected to ends of said case;
5 ends (1501L, 1601L, 1501R, 1601R) of said flow tube apparatus project
through said case ends of said case and are connected to flanges (1506, 1606,

1507, 1607);
a first one of said flanges (1506, 1606) receives said material flow from a
material source and extends said material flow through said flowmeter;
10 a second one of said flanges (1507, 1607) on an output end of said flow
tube apparatus receives said material flow from said flow tube apparatus and

extends said material flow to a destination.

16.  The flowmeter of claim 13 characterized in that said connecting ring

apparatus comprises:
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and affixed to lateral side walls of said flow tube apparatus {®Magl206e5i Ng
the resonant frequency separation of said fl ow tube apparatus defornmation

and sai d bal anceg/afbng dBLardRbAABLIIY MY s/ 46852 PS0aN LA cEnh¥sldeach

gyroscopi ¢ node or mat‘l ubé ‘apparat u sal d bal ance
bar in sai degdrobsaldpbaiamiaalnw tolsaid flow tubewppreatusf astiai m 13 furt her

| udi 805, 18 1808, 1809, 1810, 1811 ¥
of sai dbal ance BTl R8I RIPIRSHOD {1 1ALERE, FEMecting s R aRe INEIEns  os

of said Cycéh&aﬁ%grt tg%ﬂ side waiisloflsaMaIoN Rie Apshrafisiforateting ey resenant C
node deformati on of sai | ow t ube apparatus an ai d bal ance bar in said

gyr oscopi ¢ ﬁndaq;mcy]&hpaﬁatlm obsaudﬂowybatamram dﬁfpanatlm apd sgichbalance bar d

oparat oo Do BRBRHDS i 4GRSl Bk Sl el eSS Pl d bl o ¢
characteri Z§‘éi ifdw 1Bk b@'atﬁgtd?ﬂ%é” d'bblh?fce%&ﬁlﬁ's%ﬁﬁg%@%cé?@ﬁﬁaﬂé

| nparting sal rotation to said material flow about said |ongitudinal axis
of said flow tube apparatus in response to said nmaterial flow, said

rotation capuses a'dc lic f t ube
apparatus i sai-ﬁﬁes %rp?fé% ig?B'I6epﬁgg1g§ﬁ§B£@haﬁg1§6§Zg}@Segp?{ng t he
anpl i tude Ofacw'mog{%m w‘rmﬁﬂi& wall§of saitchalaAbé ban that aiter theyepsration of

pl ane; determning the anplitude of said flow tube apparatus cyclic

def or mat i ortherresosantdreguenciesi ofisaid dytlisrdafarmatiomin saididsiverplang aadsaid ude

s Bl AR A et ©

def or med i orbérqn%gkﬂ?ﬂ-bg pfdifs. and operating said nmeter el ectroni cs i n
response to said determ natlon of said ratio and said generation of said

signals for generating output information pertaining to said material-

of “cont ol 11ohg AAEaings Pt GRERod8R abefae il sH oot RoRibrkts 16¢ 70 .on‘

in steps of:
cyclically deforming said flow tube apparatus by vibrating said flow tube
apparatus in said drive plane;
5 characterized in that said method further comprises the steps of:
imparting said rotation to said material flow about said longitudinal axis of
said flow tube apparatus in response to said material flow, said rotation causes
said cyclic gyroscopic mode deformation of said flow tube apparatus in said
gyroscopic plane;
10 generating signals representing the amplitude of said cyclic gyroscopic
mode deformation in said gyroscopic plane, ‘
determining the amplitude of said flow tube apparatus cyclic deformation in
said drive plane;
determining the ratio of the amplitude of said flow tube apparatus cyclic
15  gyroscopic mode deformation in said gyroscopic plane to the amplitude of said flow
tube apparatus cyclic deformation in said drive plane; and
operating said meter electronics in response to said determination of said
ratio and said generation of said signals for generating output information

pertaining to said material flow.
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said drive plane. 20. The nmethod of claim 18 including the stepsffay2005
operating said flowmeter so that said resonant frequency of said cyclic

fl ow tube apparatus deformation in said drive plane is equal to the
gyroscopi ¢ node deformation resonant frequency to mexim ze the anplitude
of said cyctd.c gheometiid ofcidien d8fforthet inctuding the step afyr oscopi ¢ pl ane. 21
The met hod of cl ai m 18 includi the ste operati sai.d flowreter.

that said resondntiol EIQJW"BF‘%%PSS g‘;”cﬁ‘?‘@t‘F‘P%ﬁPPa@ggéﬁﬁ%lPa‘{%fQ"H@?% Wat i on
in said drééﬁdﬂl{érbfaﬁes not equal to the gyroscopic node deformation

resonant frequency to alter the relationship between the density of said
material flow and the anplitude of 5 said cyclic gyroscopic node

sai d 11w t2be apimmated oflsim Hedngudlic tectep of SBerindordt el 56" °
met hod i ncl HQF§a.HhPes%h%Ht% Eﬁcﬁf&feﬂfd%y&ﬁ!ﬂ 'ttﬁﬁe%ﬂﬁbrét&’s dafoindatiow i sBRrl t o

| mpar t sal ationto sal mat’er i ow about the |ongitudinal axis of
said flow Sdrivebpan@®s edual todhegyrascopicanoda gleftrenation sonant Gequensy to

apparatus conprises a be and wher ei rther

i ncl udes t HBa 'méf,e@?e Bﬁlﬂl'ﬁﬂ%ﬁffs’%&%&ﬁ Wﬁ?%’CW?# §§ oﬁngféﬂ/?'?ﬁ% f or med
to def |51e %o(ﬁ@?iar,\%_shape that inparts said rotation to said materi al
fl ow abou udi nal axis of said flow tube. 24. The nethod of claim

18 wherein said flowtube apparatus conprises a plurality of flow tubes

lurality GHilo %a@é@ﬁéﬂbﬁﬁ{a@ 7% tiraten oF oRgraliid a8 MBuBReEy go

def i ne an et aictormatio M sdid ow
37 18 My 3’6%2*5‘%‘?% trddiithcy BPSaideybli lobBb! Abdransetommattir W sdid o

conpri ses ajnvel plaghe isf mmequajéo theigymecepio reedel defarmationyesepant frequansy to he

f fl b l,
o s n el e el betresrtihe dertsii Said e Y e Siroptel of
conmon g o %%i@c*dh@‘ﬁy?é%pﬁ@ﬁw’iﬁ' defBahaticiPin 418 g%ml@biaﬁbal m 18 wherein

said materi al owgenerates Coriolis forces in drive plane on said

- vibrating fl ow tube apparatus, said Coriolis forces

22. The method of claim 18 wherein said flow tube apparatus comprises a
single straight flow tube:
said method includes the step of inserting a helix intemal to said flow tube to
impart said rotation to said material flow about the longitudinal axis of said flow
5 tube.

23. The method of claim 18 wherein said flow tube apparatus comprises a
" single flow tube and wherein said method further includes the step of operating
said flowmeter with said flow tube formed to define a coil spring shape that imparts

said rotation to said material flow about the longitudinal axis of said flow tube.

24.  The method of claim 18 wherein said flow tube apparatus comprises a

plurality of flow tubes and wherein said method further includes the step of;
twisting said piurality of flow tubes together about a common longitudinal

axis to define an elongated shape that imparts said rotation to said material flow.
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produce periodic Coriolis deflections of said flow tube appar at8dlay2084ai d
drive plane; 5 characterized in that said nethod further conprises the
stepsI of, gﬁlpleraTIh@me:thogg»fEmimmaswhdréih&\arid ﬂmltawappanawsmmees:at said
Coriolis ef l ections an enerate output, signhals rtainin o.said .
mat eri al f EHe ﬁ%‘é’rtﬁpﬁ r?@ds“g'i'"%fe%§%'p rae r'i'ﬁ'ig'éé lqc#ﬁq%@stﬁsﬁ;%g%wmq@ng said
generation | (Wl ' ' iFrotatibtidoSsdigat
gener at es gﬁ?’ptﬁ'?éiq)rﬁ%?%dtﬂdgﬁeé?gpﬁe@{@ﬁfﬁgkﬁq@?ig%%%dgi al ro?/v.| 27. The
met hod of ehateriallffow abbuta lodgitudinal saisccdmmaretossaid Sowrtibe and said hace bar

parallel to said flow tube apparatus; connecting ring apparatus connecting
ends of said balance bar to said flow tube apparatus; 5 said nethod

further i “g?udefrihe%sﬂﬁid HKeisith 98 Wrerein $8d\thiteRbPNG@igdnblates Dopelisrsraest us

and sai d bal'ance bar I n phase opposition in sard drive plane at the
resonant f iresaidrdriveqilanaiod saidvibrating fiowituble fapparatubcsaig perigtisiforgas sai d

bal ance bar: eratin aid. fl,o ter so that said LOSCOPI ¢ .f.0 S
vi brate saPfP e??réﬂ‘ﬂc %@"P"? F’@ﬁg&f%ﬁ ?Plﬁﬁgiﬂwaﬁb?@gﬁ%ugﬁ ga'gacirg%ce bar
in said gyggj@opi c plane at the resonant frequency of said material filled

fl ow tube apparfatus and said bal ance bar in said gyroscopic node of
vi brat Son. 38 characterized in that said method further comprises the steps of;

operating pickoffs on said flow tube apparatus that detect said Coriolis
deflections and generate output signals pertaining to said material flow;

operating said meter electronics in response to the generation of said |
Coriolis signals and said gyroscopic signals that generates output information

10  pertaining to said matenial flow.

27. The method of claim 18 further wherein said flowmeter comprises a balance
bar parallel to said flow tube apparatus;

connecting ring apparatus connecting ends of said balance bar to said flow
tube apparatus;

5 said method further includes: |

operating said driver to vibrate said flow tube apparatus and said balance
bar in phase opposition in said drive plane at the resonant frequency of said
material filled flow tube apparatus and said balance bar,

operating said flowmeter so that said gyroscopic forces vibrate said materiai

10 filled*flow tube apparatus and said baiance bar in said gyroscopic plane at the

resonant frequency of said material filled flow tube apparatus and said balance bar

in said gyroscopic mode of vibration.
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