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COVPACT VI BRATORY FLOWETER FOR MEASURI NG FLOW

CHARACTERI STICS OF A MULTI - PHASE FLOW MATERI AL
w@dBawkagomend of the Invention 1. Field of the |IPWVBU$10051011420

The present invention relates to a conpact vibratory

fl ommeter, and nore gagtlcul arly, to a conpact
vi CQMIRACT YEBRASFORY FREBWMEAER FOR MEASIRINGtHI:OW

o oo CHABACLERISTION IR S ML i RSH FIB N Haf ERIaL

mass flow neters, typically operate by detecting
notion of a vi brati ng conduit that contains a flow ng
Banhgﬂm'ml of thedpeentiexss associated with the material in
e condujt, such as mass flow, density and the |iKke,
4619 theckuemiqted by processi ng measurement si gnal s

recg*hxgge% ﬁdrp lété%ma%t @ﬁﬁ‘% HSQ/nWtérhaﬁchﬁlore

con ratlonrm he Vi atln
pamigtipriyato 4 cbmpdct&ylafamry dlemeneibt for m@smﬁiﬁgﬁbefd:hhyactdmtlcs of a
combi ned mass, stiffness, and danping characteristics
mudfi-phage ﬂ@)‘f‘ftfﬁ?tﬁﬁlﬂg conduit and the material contained

2 tSl;laqe,‘;, g}n%e«hgppg) g}n Coriolis mass flow nmeter includes
one

conduits that are connected inline in a

pi pﬂjlbﬂ’aﬁngkoﬁcﬂlhﬁﬁerfsbﬁnmfds CoHSIRMARAIBP Megdts, typically operate
material, e.g., fluids, slurries and the like, 1n the

by slymc@ng nR4ion ctf@wdbtaﬁlng@yn@st maémamg aflwving neatewal. Giroperties
vi.br at

essOgiiAy ot Bl T PSR S B mpre 0ONo ARy eI e, can

be Hbfh@hﬁﬁ{ed@}rﬁr@béﬁldgﬁﬁ&sﬁf&ﬂ%xﬂ”@%ﬁﬁfs%@éﬁ/ecﬂﬁﬁﬂ 81ib@ Fanfucers
conduit i$ excited in one or nore vibration nodes as a

assoatatrd with theoemduktr dﬂghflbﬂataon omies of thendbrating omaterfialt filéed system

gexgegg]%i : If%gg‘led[ﬁ? %gb 1%%};?1%%? Cedﬁr@&ﬂa?wn%ﬁharactensncs of

the%?zﬁﬁﬁ’i coﬁdlgit an@ﬂw%%hﬁﬂé@&ﬂﬂéﬂ fh%telﬂev' ce, such as a

vol ce cOil-type driver at perturbs the conduit in a

per le@pn:at @stiblin mabhfiswitheter ingtirleseye bentbet esmduidhdiyare
nmeasur.ing tine delay or phase differences between
comteéngha@ in ypipeHag %9@6? rARYPATT SYHEM anghcoslygl material, e.g., fluids,

sluyi%neﬁl%l{gg ﬁlﬁe 18 h@ E)‘@fé}y E\Z&E‘é&&ﬁﬁt @ngg leév?e%f As)havm a s?t of

In or O neasure I Onal respon

nathheﬂ vﬁ&x@t&b@%ﬂl@s tncmdlﬁg)rfaﬂeiasnplarm@leebérwmgc abisdonal, radial, and
| ocated at positions upstream and downstream of t he

coupdedigrodes. Inhatypigsl fiosieds mass flow measurement application, a conduit is

excited in one or more vibration modes as a material flows through the conduit, and
motion of the conduit is measured at points spaced along the conduit. Excitation is
typically provided by an actuator, e.g., an electromechanical device, such as a voice
coil-type driver, that perturbs the conduit in a periodic fashion. Mass flow rate may be
determined by measuring time delay or phase differences between motions at the
transducer locations. Two such transducers (or pickoff sensors) are typically employed
in order to measure a vibrational response of the flow conduit or conduits, and are _
typically located at positions upstream and downstream of the actuator. The two pickoff
sensors are connected to electronic instrumentation by cabling. The instrumentation
receives signals from the two pickoff sensors and processes the signals in order to derive

a mass flow rate measurement.
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sensors are connected to electronic instrunmentation by
cabling. The instrunentation receives signals fromthe

wo vmepobof f sensors and processes the signal SPETUSINA®011420
to derive a mass flow rate nmeasurenent. One difficulty
inusing a flowreter to nmeasure a flow material is
V\heIQI’tel'Ihfﬂldui)‘w inBISHg; aaﬂowmetmsrﬁo maSm_nem flew chatersaliinwhen the flow

nul. t.i. - hase | ow cpndi.tion. hase fl ow

maiic R onithny 16 it BT Ahaey ReccopBiar tharBuigephase flow

coRdBioR NRE GlovAmatedihl thaPiRS @wo R thdre 9Phigls BRAREa 1if V\E hase, and a
exanpl e, a conmon fl ow neasurement scenario IS e

solidhphdseowomakamplel a icomimmeSoyaseasuterainheckniarioas hee ttle flow
Air i.s a _comonly, Because gas i s

d
malein) iR udes gas epﬂémﬁﬂé%ghﬁ%& “AF it AOMMADIREDERIngd sanrBecause
eel kNI, B R Qe POSHARES! GO P AR trtor

enaipedgdes tdrecaage efraﬁe;owfreamasgs ihl thevfloaingetan cE it edigdd gas can degrade

measurenents, and therefore can indirectly affect a
the,acUrASY 19 4ass dhowntate adalenpity megasurgmgnis, ap% thepefioreagasy ipdirectly

aff%!:tbavmcﬁhﬁ{ r?%asb&%tl&” or art. This prior art Us_haped

er has a very | ow aspect ratio, where

t he FaGPeghowah TR sKApFE N ISrato ﬂmtetoo/ﬁh@bhok @ﬂgtmls( prlor art U-
divided by a neter overall height (H), i.e

Shamse\@bratm iflpwmeterhas a veradowaspes matfa, ovhertthe a’Sngl rr&tno Compl‘lSCS

h
arpelgotsil! Mgl iy SRR G5 auhilet Sréed bRHE R L " the'aspEeEratio =
L/l QV‘@%tt%seeh TP Bis Gighicha: e %h%r bRGsSQ Mt is YV RERIRuch less

is large, it can be Seen that the snmall aspect”ratio
thapf orteh espeprallyrfoma pribt mmﬁietlmpednﬂolwmﬁqm Ineapplicatia@s where the
cal r installation. In

unt of vertical [
Wﬁﬁ&d@mqrrﬂﬁ rge, i teceﬁ?%sﬁe@élthaé gnq agperisrafi of jthip paior art
flolhetér MIPP’@;F &l 15 e a L§‘l?gf v&f alﬁﬁ@?ﬁhﬁga@@? llhﬂglll%tlgﬂn.

meter over vera

( H) Imrﬁmnpeemngt aheghjas;cdl hpac&vtﬁaﬂ islahgildbis fald fdwmter is limited.
pace. Consequently, there is a need for a co

For petpide dhoth fan meteabieradl 1geath (b) ?%ﬁ’@éﬂetpéﬁ@rwwgﬁlghhﬂﬂ) may be
dlc?at&? By ‘t"l?e a\gﬁaglgg{x%tgpl?po n%)a?em) {l;gnsegﬁgrftg}; tlieartglrl]soa cf_Por a compact

, 1S conp
ﬂobv%‘e"t@ﬂﬁhﬁﬁa(ﬂ@é’%lﬂh faqedoB Iéfith (ITP4R] £ RRa&d héiLRVIFD! &ﬁdsa high
t hat canéﬂgrow de a needed neasurenent capabilrty and

aspeictatiodldil) Gfe..rie aempaghh nFurdliermose yhera ds aneinca@singtqemand for
or art tte to produce a C act vibrator

s s € oo (RuMBRLas S Py Caevisetsd Qepsgement caplblic
and hmgmfeeasoffr@éasﬁmnaa@éurw AN liah#Ger using bowed or

straight flow conduits. However, this has been net

wi t In teeprpe atteditaopisitd peaduons compact vibratory flowmeter have
comprised scaling down existing flowmeters for such applications and/or using bowed
or straight flow conduits. However, this has been met with unexpected complications
and with unsatisfactory flowmeter accuracy. One result of scaling down an existing
flowmeter design is that the stiffness of a flow conduit can increase by a large amount.
This increased stiffness characteristic results in an increase in the drive frequency of the
flowmeter. Problematically, this relatively high drive frequency results in a degraded

performance and/or accuracy for multi-phase flow materials. When gas is entrained in

the flow material (such as air bubbles, for example), the flow material resonant
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and with unsatisfactory flowreter accuracy. One result
of scaling down an existing flownmeter design is that
w0 bwegei2df ness of a flow conduit can increase BYI/ES2005/011420
| arge anount. This increased stiffness characteristic
results in an increase in the drive frequency of the
frefinenayeis effected abil émomer alnarya respnant fegiquencyedfya prurgluid flow

magte 22 reshitn A 1< BRABeT BT REh APEST i, R gaden may be ator
ne&'d fl@‘wr}ﬁglehgl rteE‘(%aH Pr\éq r 'Ilalllas(tfe‘éﬁ Bodd @tdudhRBd8h that the
for exanple), the flow nmaterial resonantfrequency iIs
acafragcofa flantheiter deomsestatsahe Homemeteaiat reSomayn dreqyendy & a multi-
fluid fl ow mat.eri.al ult, a drive
phise efﬁwﬁeg)m@ﬁlaﬂsay% rig frsqb?wro tshe Dppaigict éforﬁ»ﬁ@ueaélye&he
eng&nQ@gEs ?eg“tﬁﬁ‘{ &bl of @%qtﬂﬂﬁa%t efe ﬁgérkecﬂ?éfelgllﬂe ﬁ?e flow

een roun rougn resear e accura

chardaoterietieyr ofdke floasmatesial ardktof heavuran@i-tflalv crtﬁsa:unarmlcs
frequency of a nultiphase fl ow approaches the drive
S“m'@qméﬁﬁi/he(ﬁohlﬂ@"fl owret er . Consequent ly, the

ent HQ| |

Lo, ABelBey 2% bERtbiobio AR SRR anliah Bl adMp hUTR Klpjeved
throagie Ehe%ro&ﬁfbri&d‘f&ﬁﬁpﬂc@ vivpaoty Avivetedéraer RlebhStridpSflow

Sunmary of the Solution The above and ot her problens

chamaetesislicscef aamultaphasg\ftove maiarial.he art | s achi eved
t hr qugh th rovi si.on o

t .

f or hERERT ST R e oF FERR G ok ShifabrerishatEl & mule-

hﬁsieoﬂ\bmé%éﬂlﬁ'at aRovPARRSTal PrREiat ¥ Brdh GWART Sout Q0 pounds-per-
neasuring flow characteristics of "a multi phase flow

squeae-en¢hapsptis prdvhdnd avadrlingto r @sboediment oguheaneemtntohar’f he

co%gggttrvd%ﬁécprygp er S ﬁré%s OI@E%P Ird?é‘h?‘i’ 1ts Tq{jeast two pickoff
serfsBFPAGked 't(P{h%to‘i’l %rfnﬁ&%W{S( @ﬁ?réxﬁieédr‘? c%ﬁgﬂ{eg t{) hgyyate the

co ndwts l'east two pic sensors affixe

on@DENMIre ﬂbwacd‘nldoms cOhelvorhpact atilstrarord flowaneteofuithgtit @dpiises a
vibrate the one or nore flow conduits. The conpact

MayjTgpEY watyr frigefreglesncy i theednecrippresiow SORRUTHIM idss than about
2535—1&:' eSS ZS ﬂgﬁg %%mg?ctt é@\‘ E(%? R, rﬂ%ere ﬁIFL %Wg%ﬁgﬂg%s ah ;}SB@& ratio

(L)H)hﬁah@ bite bt Moreflew Joﬂﬂ&xhﬁﬂha@@@éét@ﬁﬁaﬁﬁb@&@esi bnd @theight-to-
(L/H) of the one or nore flow conduits that is greater

bOtehraﬁOéHél&i ofthg oap@r moneflght candbiss tha & liess them Bbowiflot hTshe
ow copdyits that is t han gb.
cofieiQuaReT T EPaEeRytieT BB SopTREROYGRpRIC Beorgetry n the
onPBVRbré HBW CRadiil that RRIRICE ¥nd BeddEndBE0 BF b@i%%nfabew 120 degrees
conduits that includes end bend angles g of between

anchboantt 179Glegegs.ees

A method for constructing a compact vibratory flowmeter for measuring flow
characteristics of a multi-phase flow material at a flow material pressure of greater than
about 10 pounds-per-square-inch (psi) is provided according to an embodiment of the
invention. The method comprises providing one or more flow conduits, providing at
least two pickoft sensors affixed to the one or more flow conduits, and providing a
driver configured to vibrate the one or more flow conduits. The method further

comprises providing a maximum water drive frequency that is less than about 250 Hertz

(Hz), providing an aspect ratio (L/H) of the one or more flow conduits that is greater

3
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and about 170 degrees. A nethod for constructing a

conpact vibratory flowneter for neasuring flow
wabmraener i stics of a nmulti-phase fl ow nateri abCEHUSE05/011420

flow material pressure of greater than about 10

pounds- per-square-inch (psi) is provided according to
thaarabentb2di amhproviding e hergheite-bore. rafin€Hi) bbttie oorr imses flow

ovi di ng,one or nore, flow conduits, provi.ding at,.

cofbSShais 150 ey abogk FSof B ernGeblr sy FHEDG s T iecs bowed

i ' i HMON HbRIIGW LohdGls theht BES d
ﬂoviﬁ“gtﬁggﬁgﬁgﬁéﬁ@?e nore flow conduelﬁtﬁss. tq:lThe nmet hg%l(I Bend angles 6
of betmtehe abowtnP0i degseeprandiatiougl 7 depxeasum wat er dri ve

fre&uency that is | ess than abqut 250 Hertz ?Hz), .

pr oty BetigddRr saprcting f comppetpjibrgtory {lovyRgtep forfpeasuring flow

. i t i )

USROS R o 38 A d B B8 o pgeser
abdmr® goupds-pensgidrs-indhapsi) $s providedh@tordiuio aldemBdtment of the
~ method further conprises providing a bowed flow o
invephami Theamiked Gomprises @royidingrongsit angriedlove epriMitssprioniding at
oo SRl BT rR5 Gl beor MOndI e, BORpes &0 providing o
dri¢en&Intiseitd 1@ \AbRAMPR Gne bk BiGRE Floy EdrAME! The hthod further

measuring flow characteristics of a nulti-phase flow

commptiegsi providinga preashatemei redi paksspreedroprie thef ong eranere fidniigonduits

bout .10 pounds- per-square-inch. (psi) i s proyided .
an BRI g RSO BrSaaie TG RIDE AU AT FBRE Hipiaonduits. The
b S PO P e BRR Bl BT QP oREO Bk Low
codhatsahatrip geeatdraharcatroain 2 tSsandeprd v iy a Height-eo-Hodewatio (H/B) that is
conf in%gr edOt%pVi brate_the one qor nore flow conduit
f

lesyHianAboHb 0 £ &g Mathedbisihes eampR HFRIPYGIng W@&fﬁ%@&etween
ab@th§§gfegre%'§ B all)é}\ttlbfﬁ d%greegg) in {ﬂ%ro%efér%rg%wwﬁu% dnd providing
provi di g a predetermtied pressure rating In e one

a nximorewhiep dricofidguéry thines tast kigsh foout D0 HeanwHizE es
provi di ng an aspect ratio (L/H) of the one or nore

Aspeaovof thellnventionat i s greater than about 2.5 and
proyi di ng_a height -1t o-hor. at i HB) fthat is |les .
Phatn S frRenst ShsomBer Al iR it Rl b BBy iegiive

fre?agjcpqgggsgﬂmn%oqt@@;m.en about 120 degrees to about

70 degrees in the one or nore flow conduits and

pr oln ahotherzaspetiafitie oempact drtiretery floyuneatery thenmaxiimgioh sster drive
el AERU SO (1R FoRERLS Ol L LANentlen ! Dnomen
of @ﬁhm%mﬁe&nedﬁim&refﬁo@ae&r&msj She &SR0l BarRR M ss@&Ofixed to
the one or more flow conduits, and the conduit geometry of the one or more flow
conduits.

In yet another aspect of the compact vibratory flowmeter, the maximum water
drive frequency is based on a predetermined minimum acceptable density accuracy of
the compact vibratory flowmeter for a multi-phase flow material.

In yet another aspect of the compact vibratdry flowmeter, the one or more flow

conduits comprise one or more substantially self-draining flow conduits.
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In anot her aspect of the conpact vibratory flowreter,

t he maxi num wat er drive frequency is based on an
we@bdoeaoizve | ength LE of the one or nore flow cPeMUS1085/011420

a nmonment of inertia (I) of the one or nore flow

conduits, one or nore bal ance masses affixed to the

onelyetramothef laspect ohthgi compaghvibrdieryclherimieter gido mempyactofibratory

the on r nore.flow conduits. In yet, another aspect
A e S R S e R A A O R
cofddiée frequency is based on a predeterm ned m ni num

acceptabl e density accuracy of the conpact vibratory

f | olmpetemofler agpartbf theploaymct Vibvatomt Bowmleter) the getmpact vibratory

anot he spect of the conpact vibratory flowreter, th
ﬂOWHée‘%rr‘{‘ﬁ‘SFécquWeé@riHG‘igﬁtg‘p"&‘BFﬁB PresBing GO n thyope o more How

Cant] ol fo i . .

corRHISIRAL Bacel 1) breERIIIR (bt p a3 e i Kredetprmined

met@fpatén Yachorgf) ayprédevsvrihad cdnduitianeratinmetes €8 )aa predetermined
predeterm ned pressure drop in the gne or nore flow

flughdansity §0r) andyacpredetrmiaed Aloperalogty (e Corrpfact
I b | t :
7 ur PR ahhis? R e AR R Ly Gk Rt b8 SRR R dbratory

floQget fufiBELcdrhPMses anpstoddterniined Ffe%s&@i'@t%goﬂl the one or more flow
predeterm ned total flow path length Lt, a

coghididet ermi ned nmeter friction factor (f), a

predet er m ned ndui t nner dianmeter ( D‘%?’r a .

D1 o0 MAREEP R i b R pabisiu “Gater ooy BShueea il than
abddtogouel ocity (V). In yet another aspect of the

conpact vibratory flowreter, the conpact vibratory

f | olmenaherfaspedient ticompthodetheangthed értharicosgriseedaemeining the
rating i ne or nore flow conduits. ne aspect

h
mag myR gL Hote TERNETA PRI AR eCaWieJ%n&tbig@gﬁl@yom%or more flow
coMRS 4 REBRSE NP Rl AGE ASPEGARS, Mlor mare baanc

e netho

mas¥es iafifivadrattRe ofé bivmoke Aqwaraduitnand tiencarduafdeeaictivef the one or
| ength LE of the one or nore flow conduits, a nonent
mogg fIpwegondyitg.| ) of the one or nore flow conduits, one

o P& SOURESTTPSERS AL SHeb3y1 PR BlBRLS i
thefrh@uhten didter Sri vk Treg@En@Nsdsbe bn asPeddterdlintd tinm@iiR deceptable
deris?t()ef argglﬁrgg}g OI‘ &gtcrc])(rer{pa(c:to LTi.%ialtcS)reysﬂod\Srtnitrerrnfgrl anr%lulti-phase flow material.

In yet another aspect of the method, the one or more flow conduits comprise one
or more substantially self-draining flow conduits.

In yet another aspect of the method, the method further comprises providing a
predetermined pressure drop in the one or more flow conduits.

In yet another aspect of the method, the method further comprises providing a
predetermined pressure drop in the one or more flow conduits that is based on a
predetermined total flow path length L+, a predetermined meter friction factor (f), a
predetermined conduit inner diameter (ID), a predetermined fluid density (py), and a
predetermined flow velocity (V).

In yet another aspect of the method, the method further comprises providing a

predetermined pressure rating in the one or more flow conduits.
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t he maxi nrum wat er drive frequency based on a

predeterm ned m ni nrum accept abl e density accuracy of
wo bweaarzpact vi bratory flowneter for a multi - pheEesSiodsoe1420

material. In yet another aspect of the method, the one

or nore flow conduits conprise one or nore
Desatiptiamf ¢hé Draeirfgsdr ai ni ng fl ow conduits. In yet

another aspect of the method, :{_Fe nmet hod further .

Conp i SERESF GUATHE AYTIPep FRREE RIS s F B0 an dlikavines

t he F9ae) QhowDh &1-Shp¥d S} Flownier¥ 4t BEBEBRArASPECt

of the nethod, the nethod further conprises providing

a piFéde? ahowpadoprpess vibeatdnofiowmetdnecoordings tonmr enbbdiment of the
. conduits that is based on a predetermined total flow
INVERPAN ength Lt, a predeternined neter friction factor

(f); r erm o) it ' r :
L5198 S PRI S ol MBI Pl O v o
embbdithatelodehd véMion.| N yet anot her aspect of the

met hod, the nmethod further conprises providing a
pr edderdniihad gpands efirisequgnen dlifferenpe (bee Brqueper Tas of actual

dui t s, Descri pti t he Dr awi T
e L TR e Shet Pt AN AL R ey i
dr aWMIBgs is & Efaph bfeleaysy ézh&&féaae@hgei dRi@ fchbgwnet er

of the prior art. FIG 2 shows a conpact vibratory
f 1 olkeB epAefdt shal ngeltfalrainingnspeitradithe odmpéas vibrawny flowmeter.

FI ho co nents of .t.he conpact vibrator

{1 oA 215 A0e5RRMRGT peiRoL B Gan SETNg qrEbachyihetoph Tovmeter
forF hf@asdting RV RBFCcREisliEE BfeD GHuIBLSHBE MGS fahteBial according to an

frequency error) of actual frequency versus neasured
embodopnemoy tleviavestiorange of void fractions. FIG 5 is a

%;,aph of density error qQver a range of void fractions.
Defaited Descripiomefishe Iaxention aj ni ng aspect of the conpact

RS O o S A 05 s

skilied snitHeregt idwo'to aiake aat ke Biel test mbda offthetinvghase Hdrahe purpose
mat eri al according to an enbodi nent of the invention.
of tsaghing davaniiye Prigeipdes. spme genyaptiensliaspeqts ogye been sigpplified or

on{i@%dcrqﬂltl%sg\gﬁe(ﬂ%dqg§ﬁg 58 twiiﬁrglpgreegia?et va%?a“?ﬁ)infs ifr%n‘?3 P L)?&Tc’m}gl%s that fall
within the scope of the invention. Those skilled in the art will appreciate that the
features described below can be combined in various ways to form multiple variations
of the invention. As a result, the invention is not limited to the specific examples
described below, but only by the claims and their equivalents.

FIG. 2 shows a compact vibratory flowmeter 200 according to an embodiment of
the invention. The compact vibratory flowmeter 200 includes manifolds 104, flanges
105, a casing 102, and a conduit portion 106. The compact vibratory flowmeter 200
includes one or more flow conduits 301 (see FIG. 3) as part of the conduit portion 106
inside the casing 102. In some embodiments, the compact vibratory flowmeter 200 can
include two flow conduits 301. The one or more flow conduits 301 can comprise bowed

flow conduits.
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skilled in the art how to nake and use the best node
of the invention. For the purpose of teaching
WO ewenmei292 princi pl es, sonme conventional aspeceGI/tisaoes/011420
been sinplified or omtted. Those skilled in the art
wi || appreciate variations fromthese exanpl es that
f al [Theicohipact hibraserypdowmetan @00 nv en¢ EmhodiTing eoripris¢seaiCoriolis

ot o R SA R G

viMinﬁ%Hémt%nféfter? he invention. As a result, the
Invention 1s not limted to the specific exanples

des dihelethpael vibyattyt flomimgtdn 00 lken bk desrgneathie acheive a desired
.equivalents. FIG 2 shows a conpact vibratory
Min|TRWRET EASULRTRFNA AEDH BT g | ROCURPaAtSRIRIoEN floyMetere200 can be

SeAEDH) e T AR e LB A TR, 20 oy vt

floavm@eel200 cgpobé deipgrkdGo athieve anpiaihumi densitpmeadlromort &icuracy
200 includes one or nore flow conduits 301 (see FIG
forzy madtiphase gw mpseriaddndiietcoptact vikratoy floygmgeer £A@ can measure

' [ , Qppact vi brator
ool ittt SARRERRAS Bt sl MEsfalTTe sor The
one MiinyRicfr§ AV afEQdht bSeradtbn GAL t6QETITE 86 RAWS &f blvatwatory
condui ts. The conpact vibratory flownmeter 200 in one

flogyrbesdi. mEhitee ©b ther mests mpodient Bkioss thabakiest@perationande deive

fregngi Gaus st By GO S ShEEIOw SHARIS BB material pressure,
and TG O6Gi} QUL 1EOBeCatidito APShfpRe \ItRaREN BN fcker can

\Y%
esi red m ni rum néasur ement ‘accuracy. The corpact
gen¢ral pbe mgcdrhphivined eiroR b approphetedekicjoe df thesatheefatas, even for
m ni mum densi ty neasurenent accuracy. The conpact
usg; PfhA HH-p %“ém%tﬁqﬁan be designed to achi eve a

11 on Sa BRI e PRHE B iR h b PR e

freqaesayr of 1bstthaih hisst 250 Hertr (Hz) wnodngrfidd eat $adladesobateheuch as a
flow material. Many factors can affect the operation
cemgnldilow enatersple fos cxamplsy ) Inspmg anbpdingnty, fhiesliiystiegquency is less

thagzagbgg{ 960 i—ﬂe ”[‘E%Sc}éiv!erfpeo tegp ceIna@é ?&Lség to:i]lggl e?fe%ﬁ?% length L of the

I1on are a drive 171 uenc use

on¥ bPhitrée floRecddaitd B0 N MofeAvoLidReH ([ Pof defohe\wr MRreflodl conduits
pressure, and a flow conduit geometry. Proper design

306f ardl the gpametry iob the @reyorfmeorerfbave cordiitsgidh e laladditios, the drive
P G ERORSREL s BT SBsShet BFSonay be
affiddabitR¢ one or more flow conduits 301, as needed. The effective length Lg can
depend on the flow conduit geometry. The flow conduit wall thickness can depend on
the flow material pressure. The moment of inertia (I) can depend on the flow conduit
inner diameter and the flow conduit wall thickness, among other things. In addition, the
drive frequency can be based on a predetermined minimum acceptable density accuracy
(see FIG. 4 and the accompanying discussion).

A compact vibratory flowmeter according to the invention includes a flow
material pressure that is greater than about 10 pounds-per-square-inch (psi). In some
embodiments, the flow material pressure is between about 10 psi and about 475 psi. In

some embodiments, the flow material pressure is greater than about 15 psi. The flow
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A conpact vibratory flowneter according to the
i nvention includes a drive frequency of |ess than
wW@bmwat10290 Hertz (Hz) on any fluid that includesT/vstes/011420
such as a cenent flow material, for exanple. In sone
enbodi nents, the drive frequency is | ess than about
mapgy(al Eresstigecagbievseletedenusing ra desitsd gpplientiogror can be specified
b effegtive |l ength LE of the one or nore flow conduits
Y38£" Y Honent of inertia (1) of the one or nore flow
conduédripaQ Vibratddy Ho& neeaRcoMiRg td the idnatioh iARh8esfd ow
conduits 301 . In addition, the drive frequency can be
prefdererméncdaddnagace dedpetoye The presietermatedrmompass geamethycan include
can optionally be. affixed to one or nore flo .
ong Bt o BBt AseC T B FLE Puedil<Eyrad eghiz-bore ratio
B Lk e e PP RRRHLIED i
grqatezssanr aboul RS . Mbimepitedetermmed theazhf4ty-boenratie (BB ) mriedshtkan about

flow condujt inner dianeter and the flow conduit wal
10+ dihgbousd tloynseriuwt gRamethy ¢igsinclude sadipendanglene frheueen 120

e ' 1.0 :
ool SOUFL B 370 8 8500 PP AR B sttty
selédeqinipgnyi ng di scussion). A conpact vibratory
fl owreter according to the invention includes a flow

mat dhegempagsgbratoryHiawmsteg 28@ can furthen indedg a pedetermined

8RR BV ERBF Sob B Bl cody SRR THOPIsER R ipek Wessure
dréOut) AR Delked bifla PR @I R Tow AR 1EAINLIRRITIE. 3), a

pressure is greater than about 15 psi. The .
prefdetammanesk mater friegwuliactor 4, bpredelesmined caoduit dineg diameder (ID), a

or Rt R R B S e BiBRSRd BT RAAY B anene
em%)guﬁﬂém%e gy?@dewﬁﬁn@d AR afdge(?@q BRPRRGfcuBRAIRIbYding to the

e predeterm ned conpact geo ry can include one or
formarle of a predeterm ned aspect ratio (L/H), a
predeterm ned height-to-bore ratio (HB), or a bowed

fl ow comdi t Igeorret ry. The predet erni ned aspect rati 0(1)
(L/ i's grieaber than about 2.5. The predeterm ned
hei ght-to-bore ratio (HB) is |less than about 10. The

bowdtie icbaipacoviBritdryghomatiey 20@0an Agthed thobindt Dpkdetermined
angl es g of between 120 degrees and about 170 degrees. )
prephue pakiRginf thewne enmere flgucersidpits 88h Bhe srassteamines) pryssure rating

e R RS FSERREAFREE P YR g 200 o

t he ThBR ofipabDV¥iBratdr@ Wl Fameiel L0 3Ddomd BRbBARERLTsHoR ucted to
ha\?er ae ﬁisgl;lraespect ratio. In one embodiment, the meter overall length (L) is
substantially the distance between manifolds 104 of the flowmeter (see FIG. 2), while
the meter overall height (H) is substantially the distance between a centerline of the
inlet/outlet manifolds and the farthest away centerline (i.e., the center of the peak of the
bowed portion). The aspect ratio is therefore an approximate quantification of the
overall shape and size of the flowmeter. A high aspect ratio (L/H) connotes that the
flowmeter has a low height compared to its length. Therefore, the compact vibratory

flowmeter 200 according to the invention is relatively small and therefore easy to

accommodate in most metering applications. The high aspect ratio enables the compact
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drop (DP) can be based on a predetermined total flow

path length L1-(see FIG 3), a predeterm ned neter
wo zdoetioTasy factor (f), a predeterm ned conduit PACWE$2005/011420

di aneter (ID), a predetermned fluid density (pf), and

a predetermned flow velocity (V). In one enbodi nent,
vibtriterypfiedateesrriOfad beriegslledeindmnugd] {289s. cHire igh aapertikatcechables

according to the formyl a: The c act vibratory
therqoRGt Eibratery Hawmetire 0o PRLSERIE @Ofﬁw&cmﬁ%& one

| .

emBR B Th Tl ol AR eTR08 i PR ey asing
opa&rator,dhelgding ia rp@vhinesy f@rmagipd aodibi pumpingldjquadicenent. Other uses

user. The conpact vibratory flowreter 200 in sagne o
angpthst flarnnateriglsasn sontgrpldcd andiargevishipitighseppg @é the description
ancf@ltalrg I n one enbodi nent, the neter overall length (L)

1 &2 lbst ant i al | y the di stance between manifolds 104 of

t he Tht avight-es-boe@itibl(B/B Rdommides @ ratie oftetieigtgtéihed above) to
hei ght ( I's substantially the distance between a

an gwer diamater off ant inketiontlet manitoldt Tihedieight-de-bariratied H/B) reflects the
fart hest nterl.i i .e.. the.cent f th K
A LN L

inl o RRPHEPes ARE ehedbnd b floeAEdriitQizd MeneyRE Rhdre HRARETIRRALLS the
size of the flowreter. A high aspect ratio (L/

flopovetodies(V)hatd thhendtérdwetor fadiers Hafdr avgihei fow caepalrmdssure. In
to ifs length., Therefore, t co t.vjbrator

a SRRV EOnS00 s Br e i b RA PRI Isdhe pams dlaspstetyshe flow

corndTRY. | HAREV drNEle & oPE 8o rt]%\@?]ﬁgﬁé)mgﬁ‘lte%s'tﬁe Hﬁﬁfeadg meter of a

met eri ng applications. aspect ratio enables
flowhwndoitpact vi bratory fl owreter 200 to be installed in

smal | spaces. The high aspect ratio enables the

conﬁh@?OWB?taY!Wrﬂlf%RW?téf 20 tratyena I dgive Aragpercy for a flow

e SRR or RS AIRSHARI o NG GRIPAE WL AL Hduency i

can be use n a’ cenen

acipesdadvieAvhilewdhiliinga hiphaebit ey ah@thefd R5tdg c@Rgadroverall
punmpi ng liquid cement. Qther uses and other flow
deqign. el e prigr ertcd design FRgiaeeraoyldehwoss fieieithes adewpdrivesf
the descriptiqgn.and clains. Jhe height-tqg-bore ratio
fregufiy TosHpFies deSidh Lt camBre T merp e i Rt dBove)
L0 Ffe URRE FredLENEL 8 "th@fre%ﬂ:nb? hehRth€ondBRhiopé owldMAduits 301
hei ght-to-bore ratio (HB) reflects the relationship
arcbaébrateshinved¢rn toahedseragiiow ehamaberistespafcthe Yiowr mtaterial. The drive

floweter .to the in]et/outlet bores and therefore _a
frefy do RIS RS LR Ok D st & (I pigFiRl fsnpast fikguency.

Th{ﬂgz?&‘g,\/ tgnlle %ﬁ#@ﬁ%ﬁ%ﬁ{ﬁy g?éeoggﬁl?gb ?llﬁéhﬂgkélﬂi:&otﬁe Efolv material.
In addition, the drive frequency is affected by the stiffness characteristic of the
flowmeter. As the stiffness characteristic increases, the drive frequency also typically
increases. The basic difficulty in providing a compact flowmeter featuring a low drive
frequency is that reductions in aspect ratio/overall size increase the stiffness
characteristic. For example, one design feature is the meter overall length (L). Without
any other changes being made to a flowmeter, the stiffness characteristic increases as
the meter overall length (L) decreases. Another design feature that affects the stiffness

characteristic is the effective length Lg of a vibrating portion of a flow conduit 301 (see

FIG. 3). The effective length Lg is less than the total flow path length Ly for a straight
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a single flow conduit flowreter, the bore (B)
generally is the sane dianeter as the flow conduit.
wowenen97 t he bore does not have to be the sanBCEBES20b&011420
i nside dianmeter of a flow conduit. The conpact
vibratory flowreter 200 features a | ow drive frequency
or bowediconduit fraweretal Theredfeadvantgngtr Lacarebestiorfenedvby shortening

ek Sypubab el Lror B ool i oRPiafe hafselickem G alt resric
theté?g%%m@ﬂ@w%méﬁ X dfthdn, ARSdrERvE !Fer{gtf'l?Leﬁzlhl‘PBe gﬁénened by

a design engi neer co choose fromeither a |l ow drive
chdngeq uretieycohfiguraioarofdeftovgneter. Bocendague, £ Uahapedflowtube has a
desi gn, but not both. The drive frequency is

h
much gieripicsiaativanenraih Lndharestrighfnoadt WBsiaRASeS Y. 1 and 3).
. ) | S Y .
Asgr%tsﬁl'té tyf}%t(‘;\?\ﬁlﬁlé% %rs%.fgh%ﬁlgug@yﬁﬁ o a%&é?gtreggﬁ%%cffggﬁﬁzyndmt,

terial e frequency 1|

thesetiffiebechdractbestdd ardl thberivw fieqhity ofahe floalmdteseiinbg greatly
~ frequency. Therefore, the drive frequency can vary
incgeased-di ng to the nakeup of the flow material. In

addid i the drive frequen j. f ed .th

1 s 0wy Keolfkif BRGHRRdBe R hIE R BT ot merety a
scaléd-HHWRPrior AAT G BEieP! The FIBGMRASERCcofdifz B thé@mbodiments of the

frequency al so tgglcally i ncreases. The basic

invgnfipn cudasigried sprtbatithie dyvefreaupaytis fdsevarestven nfushtlessi thgn the

Nof R AL tsh e g erotc s IhREtF HREdcealeRS ARG be o
dise BBl diithidd FomMRE NB¥ANRIcRal R86n AR HegledS2IAY £rdshlt! thE

neter overall length (L). Wthout any othér changes
flobenetgr avadelihg taathiel eoviroetiraents ofi éhesinivértiomsgrovides a low-profile, self-

¢characteristic increases as the neter overall |ength
draipinggerinracs sbratgrp flRwmeRravhile Y achicingadesiied sagasuiement

j . r | SEi.God [ | gngt h LE of
ool 50T N RRRCALI 8 v i AR Rl 8881
3) . FIBE3 eldwestoniponedngbdithk tompadtedbratdiaildwietepL@b according to
flow path I ength Lt for a straightor bowed conduit

an embasent of theeingentien. i The ¢ampach Vitratopn flpwmeies 20ragluggs, in

a5 rietishS ok R AT SLTREE. 2 ol Wl ponauics
301 ra&dshes 906, flekdff Sanse IS8, bisd a dRiva€sig. i Other tb@ponents can also

effective length LE can be shortened by changes in the
be onnhhideglusethi asrpick-off sehepEemperafye apsiampressurg sehsiiapaeter

f| owt ube has.a nu reater effective length LE than a
clegi P EASGRICE: 1| GAERER e FI 5. 1 and 3). As a

resyghb o cdiiults BDY chfpfise b @k Mowf MR AM i dcl®de Abowed

noderately bowed flow conduit, the stiffness
poxivarfanhed fretn at least twbend bewkpdntiogs 8 yndh ceiteal bend portion 312.

flowreter will be _greatly ingreased.
The two ené %encw portions 3?4 each gompr(l:se endebend angles © between about 120
degrees to about 170 degrees. In the embodiment shown, the end bend angles ©
comprise bends of about 145 degrees. The bowed portion can increase the effective
length L, as smaller end bend angles © can make the flow conduits more U-shaped and
therefore can increase the effective length L.

The compact vibratory flowmeter 200 can include brace bars 306. The brace

bars 306 are employed to anchor the ends of the flow conduit 301. In an embodiment

that includes two flow conduits 301, the brace bars 306 can additionally affix the flow
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The fl owneter according to the enbodi nents of the
invention is not nerely a scal ed-down prior art

wo bawenre2er . The fl owreter according to the enbpdi/mEWDF011420
of the invention is designed so that the drive

f I I han the, fl
copGEY S BB e BRI Pl T 5 b AL Gkl Cieng ot e
ﬂéwleetéeaoa peexllsd theefediveaendinll @ afiasfeane &iffeR8chdlacteristic of
flow material resonant frequency. As a result, the

the compettenbratyy erJwrgettew&)@xehenff@@nwémgh & is mwdified in order to
r.ovi d Iovv- rofil e, | fd n|n

achipyatt SR B0 ralsnbe Bred oG Bmeln gy bers 306 are

in§leféd §sdfa?'§ng§’tj h§ Hgmbl@%: HF e Yo re%\d@é"tHe"Hrf\Jc%&fu%ﬁ@}nG?thQ compact
varyi ng anmounts of entrained gas.
vibeopy fwsetef 20019Vlmdnm)annam1rkgraadla:myblfelmmmemdalzoo
accardjng. to an enbodi nent .of the invention. The
sepYAPY pevoRRalcs: yﬁbqreweﬂbérm SomeieAodyrents the bigg bars 306 are left
o&ﬁhBRﬁr%?FBQﬂﬁﬁE? \?qggg cussed in FIG 2, one
|ts

or nore ow con c& bars 306, pi ckoff

sen s@nah&O&ara:mdxmcdhatv@h 289t theldperatioary OietdipavaRibratory
al so be include such as pick-off sensors,
ﬂQ"é‘ﬁ*ﬁ@F af)w%thswatﬁmal BP’@S@)er theproeismorgefiew conduits 301 (see FIG.

el”[%%%o?@i &ﬁ% i Sdllag'tle?é?%??h 1}1§et9§?¢8&9§§lﬁf ﬁlteccgmflggt vibratory

fI OW coOn nprise ovved ow conduit

flavagked 0, suehad ap@llétrh&iﬂfél@sf N THOGR-sdctidhbil 4rv® oM bore in one
bend portions 314 and a central bend Eortlon 312. The

embgsliwgat lbénbstmratllwmslahtmheamsscmfmm area(sg opthedlow conduit(s).
t o_abaout., 170,

A BBl Do ol R Bl BT e SR SR8 s Sgvmeter

pefl cFRERERMaPERES 19 bn@BRABbd kNt @?E{e‘%ﬁﬁentmetﬂ%%&t to-bore ratio
portion can increase the effective length

(Febnld less tbad abarid Oangl es q can nake the fl ow condU| ts

nmor e, U-shaped and therefore. can increase the effectjve
| engt#OEE (B F?éted&maéh%t C@PB‘?%PGB? OPFIGiAR & Fhexsumpagh vibratory

ﬂdvﬂﬁ%l‘ég S0B1RE ol dspl%g nUg%aB @@@vep%ﬁssl% ?@Qnégz%gij t%glf one or more

enpl oyed to anc the ow con

fldw camdwgrsi3ddi reddedttabince nalighie 316 wifedtlthavocaat undss oBeHe, flow
the brace bars 306 can additionally affix the

copflyific Hhdrhile ngosubsignbially alfedting a srtn%ﬂqsﬁ alefera@awgtleo“éhqrafwe the

f 0
sofhs B0 ST HHEAH OO s Healhey PR 420 ofgi o
coﬁh@ltsa\m1efddatesqheﬂntzberegc egct Vi br atory fI ownet er 200
the effective length LE is nodified in order to

ac hu%@i@npﬁ@r qleas“afptéﬂstm thalecay afipee theyoperatiogigafghe compact vibratory

ITRRE J80 e MR R G dihe O BB T RRL W FeknBls i
geh&RAYRABIENAD abbEnRARRGhe pressure of the flow material. However, a thicker
conduit wall will increase the stiffness characteristic of the flow conduit 301. Therefore,
in the compact vibratory flowmeter 200 according to the invention, the wall thickness is
chosen to be relatively thin in order to achieve a lower drive frequency. This is possible
where the flow material is not at a high pressure.

FIG. 4 is a graph of frequency difference (i.e., frequency error) of actual

frequency versus measured frequency over a range of void fractions. The graph

represents measured values of a cement flow material at a pressure of 15 psi. The lower

11



10

15

20

30

vi bratory fl owreter 200, while maintaining a desirable
nmet er nodal separation/performance. Alternatively, in
we oove/1eizbodi nents the brace bars 306 are | eft PUL/USIV05/011420
order to maxi m ze the effective Iength LE. Anot her
characteri t ha an af f t|on of the
g S ABREtsE S e R 85 5108 RSP B pliratif ot o arive
fre%?kn@f oft &R ARE TRE nilBdR [fleyngnndy Fto‘iteaQﬂeq(léﬁ@/ Wls 3} a prior art

bore is the inside dianeter of the inlets and
flasumeter sporhtinget adripabequansy &f g4) Ha. dnreentrast20®, uppathne

coppsuPIBTe] TBALCR AT TaInT SLE FETaaTiy o F5F Sanac: Lipratory
ﬂthﬁet%f Qé&or@%g% anath v &R Pheflin mbec&hpa@t GREH ﬂ@%me&r

hei ght-to e ratio therefore is an 1 ndicator” of
aceording toahe browntion ishepetatmanedeve frequarcysd -abem:tth?@rﬁt Each of the
area. In one e odlagﬁnt of ﬁjge |nvent|o?l the .
fraqueRft TeSBONSES & framiadtiQumeierihavingdhe same, flgypndyly geometry and
t a [
dlﬁ?@ﬁ%gﬁlgqn%a@% c?fégfetactlger wﬁgfh E Qn@f:&%lgt \Itv!js'ﬂ?% aeg%jeg Ran be seen

fraon esefaph coiﬁat toled HTO:HzWijghétSr 3ritd fxaqmmpeiévtaoestth@n@nexctual
or nore flow conduits 301 . Added bal ance wei ghts 316
regponge by npaneyg éhan 9.5 s or gny vakierafoiwid Baekian: sTixyafoshia @mpact

vib %arr%ﬁ%erl s%’% %I)ér @ T oﬁré&%n %%éi aggg(zﬁ rOY}'td & %E@hclg\r}}el of

acairfaeytn friguethicl e abtiREHeRR: Vit cArBE Stdi i thie gﬂ’zﬁﬂﬁth@fa H&gred level
flow conduits 301 reduces the drive frequency. Yet

of afmvhmy ageuragitcen betackicvedhtat teast iafffase by tshl@cm&ara@}mmpmately low
ﬁ. nEact vibratory flowreter 200 is the wall
OPF'fﬁ“é‘l% $Y'the flow conduits 301. Wall thickness is

gengrgy, kkys QW%ftd%né‘ﬁ)@ eRIPE:Q rhige Bf €58 lffa%u@ﬁs t'hl‘?e density
fI ow nat eri al However’, a thicker tonduit wal

erion @rapdsie atdmm;ﬂd:mérﬁtrteslse frbquency eliffetnce ghph,es d‘elnsn\tv 1s
conduit  301. Therefo in the c act ,vi rat or
apPIQHImALeLY 386 @a?rdfr?@depsy ﬁwr?ﬁﬂ@ntl/%h heylop difje comprises

pl('ittyhcf:é(é?ﬁﬁ vhRie§ idr ﬁo&/ﬁle?ér'o\f)%a)fm"grﬁ't 9 d'rﬂe(f{)elql%né}pof 470 Hz.

I eve OV\BF rive rrequenc 0ssI

Thatieidald hee Edmprises tpdotieal densuyl ohluas fa dyprigr @rﬁswmeeer operating at a
FIG 4 is a graph of frequency difference (i.e
erﬁefEﬂﬁPé‘ﬁ&‘W el 34 ‘)gzoin gentrast. the g coBInsises Possd depity values

o HEMIEREVEPSL RoLAREE 8Lorlela Rt anSy, sTECAIAP ompact

t
sur ed val'ues o ow naft eri

vitatory Plodaheteatbrdifg RSthe ﬂ{?@ltioﬂ\/{@ 6b¢r@ﬁn§@mﬁvb$@%}uen0y of 170 Hz.
plotted frequency values for a prior art flowreter

It webeasqeng”rcan the gnaply éhat theaydensiy vefue&maﬂzred ’phéhml dHe flowmeter
degﬁeefrgg ngjctua% Wendl lxgg lgye go frr{oerg Hian abouf &li percent £8t a%y value of void

fraction. Therefore, a compact vibratory flowmeter operating at a frequency below 250
Hz provides a high level of accuracy in density measurements.

FIGS. 6A-6B show a self-draining aspect of the compact vibratory flowmeter
200. In FIG. 6A, the flow conduit(s) 30! are vertically oriented. Because the flow
conduit(s) 301 features a bowed configuration, including end bend angles © greater than
120 degrees, any flow material in the flow conduit(s) 301 will drain out due to gravity
(see arrow). Likewise, in FIG. 6B, even when the flow conduit(s) 301 is installed in a

horizontal orientation, the flow material will drain out of the flow conduit(s) 301 (see
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flowreter operating at a drive frequency of 340 Hz. In
contrast, the upper line conprises plotted frequency
wo aloaee729f the drive frequency of the conpact RAOHUSR003/§11420
fl owmmeter according to the invention, wherein the
conpact vibratory flowreter according to the invention
two arrope). af his geld-ditaining dspecjued) mheyccnrhpmbcyu'.hratb?y) flewmeEerc)0 is a large

. of the freq C onses is fr maflo havi n
I RSCBERO T S G e €5 SPeailar T A LA ISRt fow

t I : P
L

is ridz sélf-alnmimirgy drive frequency devi ates from an act ual
onse by no nore th Hz for any value of void

1[ ?ZE{GO’BIS aflevehyt &0 08? eaiﬁslm fapicopgfusting @) coRRackyibratory
ﬂo%@i%%%?%e%gu a%ﬁg\%%%?ﬁ%té?ﬁ iOW% £2RhJT- Bﬁﬁvﬂﬁﬁﬁemél%gcordmg

accur equency neasur rren S
to &Eembbdigidnt bt &hegha@hldnh dh seepdEH, ﬁqbﬁiesls@r\eeiropﬁs lﬁrfoeﬂudﬁmme
accuracy can be achieved, at |east in part,
corgeacéoftlbrﬁg»rarﬂoa‘fjmtép a5 areliqusiy disewsedt ifgg pquweéiﬁ@@/can be chosen
ensl. rror ver a range of
fonsesingg b fefioRohedh b SERI YL FY R epP it 7o' 5

CONMp) BAREMbbAIMdNE, the ?Pééﬁﬁ‘é)ﬂr@b tdepeagerdind®singSeveral meter
density is approximately equal to 1 over frequéency

facsqreaFed exqanp:lelmem)ressurﬁrbop 6HP) tarebeealpulated acpdrdingatd equation
density wvalyes.for a or art ownet er o erat

(03 GFyE LGRS S o tenbleitar Srsmite Compr ot inner

dlamé?éﬂ(?ﬁag?ﬂl%' cﬁﬁé %&%%J\J@Eoﬁdﬂs el tl"’?é fotffllfR}WB&ﬁrlength LT can be

operating at a |ve frequency of 34 I n" cont rast
detetreinedisym thenequadopr i ses plotted denS|ty val ues of a
compact V|bratory fl owmeter according to t

i nv&mstEBA02yheiedFisrmped é@me&gmnaﬁt@tlérpgowﬂ%%?étp&viously

d's?&s%%d' ng to the invention is operating a drive
requency of 170 Hz. It can be seen fromthe graph

t hain tibp 708 @ pledeteanlirg pre3aty @dnpys prioeidedAn ke compact vibratory
fl owreter deviate fromactual densities by no nore

ﬂowmﬁerakiﬂmprqutep@méé prespige ramg Gail shecdy ap @p@r:prtabal@vpmr pressure
Theref or e ac act ~vi br I I er rat.i.n
Pﬁf g‘a%‘é%i}a%éf 0%80}51?’6? Jﬁ&‘gg e fhgrprf:@%%rgmg? pfsure
ratﬁ%@éﬁ@ﬁﬂuéd&e‘i@é‘ﬁl‘aﬂ%hlm'éVO@M(SW cbh&it(spA- 6B show a
dr ai ni ng aspect of the conpact vibrat or%
fI oMﬁbpﬂOQQﬁedettnrrmm@d eddbenhangleo® are poiid¢dsin tBe tompact

ity G fiBy e Soherre L b iscirsh ARG gl G bavary
acc%?@ilngsto ?lfgﬁ@ absduit %@?gééparﬁp&'&gﬁﬁm g Y dé&u‘%ﬁ’ﬂm\tf géﬂCﬁJlt effective

Int ow con 01 wll drain out due
lengttalui.t Yhe end bend angles O in the compact vibratory ﬂowmeter according to the

invention range from about 120 degrees to about 170 degrees. The end bend angles ©
create the bowed shape of the flow conduit(s).

In step 705, a drive frequency is provided in the compact vibratory flowmeter.
The drive frequency is less than about 250 Hz. In some embodiments, the drive
frequency is less than about 200 Hz. The drive frequency can be determined as a
function of other flowmeter parameters, as previously discussed.

The compact vibratory flowmeter according to the invention can be employed

according to any of the embodiments in order to provide several advantages, if desired.

13



(see arrow). Likewise, in FIG 6B, even when the flow
conduit(s) 301 is installed in a horizontal
wmedoeméradi on, the flow material will drain outpof/usioes/n11420
flow conduit(s) 301 (seetwo arrows). This
sel f-draini ng aspect of the conpact vibratory
The liroventioe prGdes escmnpmt géaratmpy ﬂvemmtr tb&teﬁeamk@rmkwdproﬁle and a
| owret ers, _as.the, terial %) cenen
yieswpy Ho

| ASRETTEREP-i Lhe lwvsptlg&a a ana vaf“’dﬁh?}n
adi@ﬁg_egﬁélgﬁ)lf%és 4 m’w Hﬁ%gﬂgﬂ%‘tb% \é}\tg%]% %r-’rtgc}uénf:y P‘hb?rrlr\g?ihgr& provides a
cothpactodiratary ct'low\ngetar thahpdhantagebusy offyrsfd lowneiaeimdirardrive

nmeasurj ng fl ow character.istics of % mul ti - phase fl ow
fregrugneyithpt 1a srtsRdesighene 4 Ve FsBREMF ML agtriaret lowaster gha same
ov&ﬁﬂ%b%&maq%oﬁ pressure drop is provided in the
conpact vibratory flowreter, as previously discussed.
The pressure drop can be chosen for a desired
application or can be specified by an end user. In one
enbodi nent, the pressure drop can be determ ned using
several neter factors. For exanple, the pressure drop
(DP) can be cal cul ated according to equation (1).
Gven a fluid density value and an acceptable neter
pressure drop (DP), the inner dianeter (ID) of the one
or nore flow conduits and the total flow path | ength
Lt can be determined fromthe equation. In step 702, a
predet erm ned conpact geonetry is provided, as
previously discussed. In step 703, a predeterm ned
pressure rating is provided in the conpact vibratory
flowmeter. The predeterm ned pressure rating can
speci fy an acceptabl e upper pressure limt for the
conpact vibratory floweter. In addition, the
predeterm ned pressure rating can influence the wall
t hi ckness of the flow conduit(s). In step 704,
predeterm ned end bend angles q are provided in the
conpact vibratory flowneter, as previously discussed.
The end bend angles g can vary according to a flow
conduit geonmetry and according to a desired flow
conduit effective length L . The end bend angles q in
the conpact vibratory flowreter according to the
i nvention range from about 120 degrees to about 170
degrees. The end bend angles q create the bowed shape
of the flow conduit(s). In step 705, a drive frequency
is provided in the conpact vibratory flowreter.
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The drive frequency is |less than about 250 Hz. In sone
enbodi nents, the drive frequency is |less than about
WQodel729The drive frequency can be det er m nedP@BUS2005/011420
function of other flowreter paraneters, as previously
di scussed. The conpact vibratory flowreter according
W¢ datrhe i nventi on can be enpl oyed according to any of

L. SRarmpaedbTaor fede RALS R RHSGRE JoBuiteastaristics of a muli-
phgsg'mﬂf;}na\(érgﬂ at grﬂY)v\t hQWR| Efes&ﬁ'@tof %E&%{éfrtﬁach £du?'0 pounds-per-

e an |gh aspect rati o. e I nvention

sqtmrﬂvmcdhe@)sﬁ) the I?épﬁtpiact\/%bra%rgrﬂovf/mewrr(ﬂ(}ﬂ’) cbhiptising one or more flow
advantaggously offers a | ow maxi mum wat er drive

conqui§udPbly at Irag triouriekafbrenspisvP Bdkataxed HpBiE 1ong g5 mare dipw
t :
coxgd %\g’g?@ F)[é 3{5@ % g};@?%@ﬁﬁ%@@k@ gcfs Iél% % ?]héa rd’f%br’é‘ﬂ%w conduits
(30Inewiin mﬁé/c@fl;f)zﬂ:t Ritrafora flowin 206y b&ifhig haraserigseEb @l |
size and profile.We claim 1. A conpact vibratory
f povaremam vagoyrive frequerayrinlae eneow mREY ﬁ@W@pnéltilFSc@ 045 that is

presgﬁF ha ePLéﬁ@@PE%Zﬁlgboﬁt ?Ongn%ggtSenguare-
| BRRsAdRE fe)tro (tLVH) 6P RaSe of inratfRiw cd‘)ﬂcﬁx‘lﬁSB &) tﬁgtqg))rgreater than

conprising one or nore flow conduits east
tvvo pbowdat.f; sensors (308) affixed to the one or nore

onduyits (.30 apd a driver configured to
VeI Parerbog R PE e ot os inge tos gersuyts (i fiatigless than
conpgggmympgﬁaory fl owneter (200) being characterized
y: a maxi rum wat er drive frequency in the one or nore
f b owedrfthw t«Snc(Lﬁogeonﬁeh@I ml the bassr himwﬂa@mmhdﬁﬁ@(ﬂﬂ&b timt includes
(Hz); an aspect ratio of the one or
condénd sendangles ¢ af b?%vegné pwirl 2@@&&6&5@99 a&zmst 17;9 degrees.
hei ght-to-bore ratio (U B) of the one or nore flow
conduits (301) that is |ess than about 10; and a bowed
2. TihewoaadivibrgesnBdwineien (20709 oFREaiM 1, WHegeih ltumaRitaith tvsater
(301) that includes end bend angles g of between about
driye freqeencads lesathamabout 20@Haegr ees. 2. The conpact
vibratory flowreter (200) of claim1l1, wherein the
maxi mum water drive frequency is |ess than about 200
3. |'l|41e c%mpﬁ@@w%%%cﬂoﬁﬁnl@fe@(m(ﬁ o lc MBI, &FitH I%Q%ax‘?fnuﬁ{ Rhai®r drive
t he nmaxi'nmum wat er drive fredquency bei ng based
freqmermy teliﬁgabased enlaaregfeotivElength heobihe ooe omprare flownconduits (301),
conduits (30

a moment of inertia H)’of the one or more flow conduits (301), one or more balance
masses affixed to the one or more flow conduits (301), and the conduit geometry of the

one or more flow conduits (301).
4. The compact vibratory flowmeter (200) of claim 1, with the maximum water drive
frequency being based on a predetermined minimum acceptable density accuracy of the

compact vibratory flowmeter (200) for a multi-phase flow material.

5. The compact vibratory flowmeter (200) of claim 1, with the one or more flow

conduits (301) comprising one or more substantially self-draining flow conduits.
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a nmonment of inertia (I) of the one or nore flow
conduits (301), one or nore bal ance nmasses affixed to
wa bwemereoor nore flow conduits (301), and the PONUSAODS/011420
geonetry of the one or nore flow conduits (301). 4.
The conpact vibratory flowreter (200) of claim1, with
6. tlihe aempacunibweoer flawingter (2@ vtarmbkifaghdramecbrsmnga
redet erm ned m ni num accept abl e density. a acy of
pr e TR ORI PETeDEre JOUGpIeTH oL
mul ti-phase flow material. 5. The conpact vibratory
flowreter (200) of claim1, wth the one or nore flow
7. dbwedwnmc( Sibigtogofigpwmsien §2@Hefataimol, dusthdrstommirisidd &
sel f-drajning flow . conduits. 6. The conpact vibratory
prqdﬁtﬁmm%frprem drop ipithg AReLOT Mare Ky copmpis GUhYthat is based on a

r : ] op, | I
R  BRRE B OR kB ENE R SohuRor (0.0
pre(d2t0mindd e@ndumidnerfdidrhdrer (ID)Ppiedeeeminedride defsity(eg, and a

pressure drop in the one or nore flow conduits (301)
pradgtarmiredoi@s yelogity (Mpedet er mi ned total flow path
length Lt , a predeterm ned neter friction factor (f),
a predeterm ned conduit inner diameter (ID), a
8. AMRdRhfIaat Videhtbhyufl 6y ghefes i(200)(dPfc)aiman duAh& @Aeiriing aed
flow velocity (V). 8. The conpact vibratory fl owreter
prede@omingd pressung fatingun theeonecarrmeiesilow canguitsd@O &Y. mi ned
pressure rating in the one or nore flow conduits
(301). 9. A nethod for constructing a conpact
9. W RieBiRS for fcbﬁémﬂiﬁ% afcgfnﬂi?la'ﬁHfdt&? fid el FARE &AL oW
of a nulti-phase ffow material af a flow materi al
chpressstie adfa mokapkase tfloamnmateoial atlOflow material pressure of greater than

B RS RS SN Lt S5 0SSR e or o
]

conduitsparad poeiding a deivepeshiiduest woribitatd the onletdn nidie vet b@rdiuits,
_being characterized by: gr ovi di ng a maxi num wat er
witdrthg snathedjbring ghamegterized bP¥ss t han about 250 Hertz

(Hz).:: v:pravidi-n n rat i / f .the on .
bl PE hakiAte DoRRRERE S bbbtk 15 bl BT 286 Herte e
PpRMiGinB Anasp&it gdtic LLIHYOF ehel dHel & rhbieBlovetohdiBtsARS i9Breater than
nore flow conduits that is |ess than about 10; and '
provebowig. 3 bowed flow conduit geometry in the one or

rrBFo%icfiilnng h%?gmcti-uté)}b%rg Pa%to (H/B) of the one or more flow conduits that is less

than about 10; and
providing a bowed flow conduit geometry in the one or more flow conduits that
includes end bend angles 0 of between about 120 degrees and about 170

degrees.

10. The method of claim 9, wherein the maximum water drive frequency is less than

about 200 Hz.
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i ncl udes end bend angles q of between about 120
degrees and about 170 degrees. 10. The nethod of claim
w®2000hmenei n t he maxi num wat er drive frequency PGI/US985/011420
t han about 200 Hz.11. The nethod of claim9, further
conprising determ ning the maxi rumwater drive
11f fféq m@eﬁhqd bhsletin Onfuathee tomptibing detamgtiing Eheomakimeuroveater drive

ow condui. ts, inerti
ety banis 01 o Gt Leghidhe P oF ob Raftccoriuist dgmoment
of ﬁfef‘t‘id(ﬁ? of theldHe RMRorR W EShdUiQVOrEORIMbicShal MG thit8es afﬁxed to
conduit geonetry of the one or nore flow conduits. .
theTore arehbredl@f cohduitm 8nd thercohduit geompetrg iof glecteteeo“rnnmerfg)w
t he maxi num wat er drive frequency based on a
Cofiidet er ni ned mi ni mum accept abl e density accuracy of
the conpact vibratory floweter for a nulti-phase flow
material. 13. The nethod of claim9, with the one or
12 mihe nidthod oDeldish U5 fisthep combriging rietedmiming ¢he maximum water drive
substantially self-draining flow conduits. 14. The
fregeansydpased en am@termymdq@tmmawpr@@lqoqiwnm|aﬁ@uracy of the

oS A BGEEHE S AR S o 1"

‘her
conprising providing a pr edeterm ned pressure drop in
the one or nore flow conduits that is based on a
13 pdademeathed ﬂ’é@latr@f?avvlthltb@\pmmhmloem@@w donduigs comprising one or more

r frictjon factor (f), a
Su%ltagglél mfﬁﬁ w0 Pﬁ‘h‘ r dianeter (1D, a
predeterm ned fluid density (pf), and a predeterm ned
flow velocity (V). 16. The nmethod of claim9, further
14 c dhpmethodjopelein 8 fiugther porepdsieg provddingragsredetermimiet pgessure drop
in the one nore flow conduits. 17. A nethod for
in the POE OG ARGTRGIOY eMWHEL vibratory flowneter for
nmeasuring flow characteristics of a multi-phase flow
material at a flow material pressure of greater than

15 albbeimetBodoficidisn pefurtigiesmpiisial pt@ding d predeeitindd pressure drop
conprising providing one or nore flow conduits,
in (e GpF @F mpradlovecenduitiihasichased oganyedeempinest itak Gow math length

LT,O%ﬁrFﬁéte él%flfnlne%\f ﬁ%?ngf Ror @L%Vlrgdél?@‘? ]n? rg(i)ud dmnf:r diameter

ovbra

(IDY 4 brdd@&nﬂiﬁidﬂi%lbelleﬂﬂt}ﬁ@@f asd @br&ﬁebr&ynedoﬂ@wwéldwyw)

predet erm ned pressure drop in the one or nore
condui t s;

16. The method of claim 9, further comprising providing a predetermined pressure

rating in the one or more flow conduits.

17. A method for constructing a compact vibratory flowmeter for measuring flow
characteristics of a multi-phase flow material at a flow material pressure of greater than
about 10 pounds-per-square-inch (psi), the method comprising providing one or more
flow conduits, providing at least two pickoff sensors affixed to the one or more flow
conduits, providing a driver configured to vibrate the one or more flow conduits, with
the method being characterized by:

providing a predetermined pressure drop in the one or more flow conduits;

providing a predetermined pressure rating in the one or more flow conduits;
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providing a predeterm ned pressure rating in the one
or nore flow conduits; providing an aspect ratio (L/H)
w@boobhe72one or nore flow conduits that is greaP@r/usivasio11420

about 2.5; providing a height-to-bore ratio (H B) of

the one or nore flow conduits that is |ess than about
1@rovidingiadiaspec matidEnH) ah theesnegorivedreeidow aboduitsitBal is greater than
degr ees to about 170 degrees in the one or nore flow
cond@Pey;2 %nd provi ding a maxi num water drive

}‘Egtg;@ﬁg eg tehe- JRRe 8l gip{aIzZ; }f%%é&qgﬁ{gbﬁﬁa og(t)r(l)c%ﬁts that is less

cl ai mah7abowhe®e| n the maxi mum water drive frequency is
| ess than about 200 Hz. 19. The nmethod of claim 1
f gFanding capend @nglea@tbéwrﬁeﬁ. abgut hed Aesrrenim e\ba%}ﬂbqiqg%es in the

frequgyg{\[/r‘% éﬁg d&mt%nlt gct ive length LE of the one

nor e OW con ‘4 Monent of inertia (1) of the

?&)mmgmnﬁailhmm KRG drhve. freanend®r inhe enbal aiee flansodduits that
affixed to the one or nore flow conduits, and the

condif kesgydemabeyt Y0 Hersz dl®. or nore fl ow conduits. 20.
The nethod of claim 17, further conprising determ ning
t he maxi mnum wat er drive frequency based on a

18PTRdeh&RHd BEElalTh 17 WAL RGESRUAB ARt YIride Cﬁ"éﬁaéﬁ{cng less than
the conpact vibratory flowreter for a multi-phase flow

abowtt2®0ildt.. 21. The nethod of claim 17, with the one or
nore fl ow conduits conprising one or nore
substantially self-draining flow conduits. 22. The

19”%@9126tﬂ5d Sté‘l'a :W fudhePcd JHFNB %@f %mlﬂg 9}0015%?1% water drive

drop beil ng oh a prede tot | ow pat
freheﬂgiyfbalséd on an pffedéteelengthdd: ofehe bné o fﬂolr@ ﬂofwmindmt{ faymoment
predeterm ned condujt inner dianeter

of meé%ﬂé phihseanerqrunerediays cerdudtss gne erygose Rﬂl@'&ét@%ﬁ%@&xed to
$n%v¥) rﬁ!)n%cﬂé\% cg)ﬁguns, and the conduit geometry of the one or more flow

conduits.

20. The method of claim 17, further comprising determining the maximum water drive
frequency based on a predetermined minimum acceptable density accuracy of the

compact vibratory flowmeter for a multi-phase flow material.

21. The method of claim 17, with the one or more flow conduits comprising one or

more substantially self-draining flow conduits.

22. The method of claim 17, with the predetermined pressure drop being based on a
predetermined total flow path length L+, a predetermined meter friction factor (f), a
predetermined conduit inner diameter (ID), a predetermined fluid density (py), and a

predetermined flow velocity (V).
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