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| nvent i orw® 2006/f67®rd of the | nvention The present invenbcose@satimoto a
conpact vibratory flowreter, and nore particularly, to a conpact vibratory
flowreter for neasuring flow characteristics of a nulti-phase flow
material. 2. COMPACT VABRATOR Y HICOWMBTERHAORMMEASURINGREQW, such as
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t ranspor tpasyailay,aod e vitsedteryl fddwmeted for inkabudidig 1A bhdrh@sristhd dffae | i ke,
in the system Each conduit nmay be viewed as having a set of 20 natural
vi br at i ormwbidelase flovuaategial-f or exanpl e, sinpl e bending, torsional, radial,
and coup] e des. ~];n ical Coriolis mass flow measurenent
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appl i cati‘on, cited in one or nore vibration nodes as a
mat erfpal 1 owsyibhstipddbniddR seslishch adoriBRS R8s AbwihiGeAORHKAly shepR@sUr ed
at points spaced along the conduit. Excitation is typically provided by an
act uat or ,byedegectingrmetiest of a nibehtang ealduttdhatoontanschlawing metecigl. 2Bropeitiest ype
driver, that .perturbs the cqonduit in a periodic fashion.. Mass.flow rate may
b det erfivardlotyiihdle matsaA ot cAndu SN EaEs dIORY RS ibe e ABE ARt | ons
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condui t assaxdatdd mtith, thardnduie The pibeatidnymbdesadfate atbraig tnatenal-fiflsd sestemand
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signal s OB A Lokl S FIRANA BRdiRuehGEAeS the signals in order to
derive a nass rate measurenent.

A typical Coriolis mass flow meter includes one or more conduits that are

connected inline in a pipeline or other transport system and convey material, e.g., fluids,
slurries and the like, in the system. Each conduit may be viewed as having a set of

20  natural vibration modes including, for example, simple bending, torsional, radial, and
coupled modes. In a typical Coriolis 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

25  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

30 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.



1 WD 2006/ 107297 PCT/US2 0115 /111 1 4 211 One difficulty in using a
floweter to neasure a flow material is when the flow material is

non- uni f owoosumeas in a nulti-phase flow condition. | rca/uspdosiorpbase flow
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physi cal %%5 8 VPHaY W%l e for a flowreter is linmted. For exanpl e,

bot h jphe net erFIQ)(qrﬁbl&/s|aQUQthéd—0ideﬂ&'ytﬂtﬂvrﬂ§ie?6fQiéeﬂr%ﬂartheﬁg%‘gri()ﬂr_t'ﬂﬁy be
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dictated by the available installation space. Consequently, there is a need for a compact
20 flowmeter that features both a reduced length (L) and a reduced height (H), and a high
aspect ratio (L/H) (i.e., is compact). Furthermore, there is an increasing demand for
smaller, more compact flowmeters that can provide a needed measurement capability
and a high level of measurement accuracy and reliability.
In the prior art, attempts to produce a compact vibratory flowmeter have
25  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
30  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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performance and/or accuracy for nmulti-phase flow materials. Wen gas is
entrained in the flow material (such as air bubbles, for exanple), the
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i nvent i orSummary®fdberpabittion br at ory fl owreter conprises one or nore flow
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water drive frequency in the one or nore flow conduits that is Iess than
about  25hakgstaristicHp) a mile-phespbew matbrialt ory fl owneter further conprises an
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provi di ngpreng méreMuve cobhdiisC de WotracovibHtelyfovieter further comprises a

maximum water drive frequency in the one or more flow conduits that is less than about

250 Hertz (Hz). The compact vibratory flowmeter further comprises an aspect ratio

20 (L/H) of the one or more flow conduits that is greater than about 2.5 and a height-to-
bore ratio (H/B) of the one or more flow conduits that is less than about 10. The
compact vibratory flowmeter further comprises 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.

25 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

30  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
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| east two pickoff sensors affixed to the one or nore flow conduits, and
providing a 30 driver configured to vibrate the one or nore flow conduits.
The net howofuee/toers7 conpri ses provi di ng a maxi num wat er parivseoosNERENCY
that is | ess than about 250 Hertz (Hz), providing an aspect ratio (L/H) of
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vi br at or yconlaitgriaets, gredter thaxiaboumn 28aed providiag af Heéghtetdore matioaFEB) drat &
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f | ownet era mhkignumwaietarnvat équency that is less than about 250 Hertz (Hz).
Aspects of the Invention
In one aspect of the compact vibratory flowmeter, the maximum water drive
20  frequency is less than about 200 Hz.

In another aspect of the compact vibratory flowmeter, the maximum water drive
frequency is based on an effective length Lg of the one or more flow conduits, a moment
of inertia (I) of the one or more flow conduits, one or more balance maSses affixed to
the one or more flow conduits, and the conduit geometry of the one or more flow

25  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 vibratory flowmeter, the one or more flow

30  conduits comprise one or more substantially self-draining flow conduits.



drive frequency is based on a predeterm ned m ni nrum acceptabl e density
accuracy of the conpact vibratory flowreter for a nulti-phase flow

mat er i al .wbrogeeto7@not her aspect of the conpact vi brat or pcitlusesostoers2o t he one
or nore flow 30 conduits conprise one or nore substantially self-draining
flow conduits. 4 WO 2006/ 107297 PCT/ US2005/ 011420 |In yet another aspect of
t he conpact vilbryat amothéd speatadithe cdrepaonpaatory iflorataery thd conngce vitratotyher

conprises,a predeterm ned pressure drop in the one or nore flow conduits.
' yet  arlIHAFIh e CBMPFRES & BIRJSITmUIERESHIF FTOBURMEIe YHEORGIIHCL

vi brat or y.onauitd owret er further conprises a predetermned pressure drop in
the one or nore flow conduits that is based on a predetermned total flow
path | ength LTn yat picbatspastreddhe omhpact vibratorp Aobhvacdter, tHef Jompacpy dd&bsr m ned
conduiit inner dianmeter (ID), a predetermned fluid density (pr), and a

pr edef er HOYRCtET Bithes capiprigey a/predeierpited prstsHes drap pe ghe Fe emBorEdiRyact

vibrat ory b L QWHREEL bal o 8@9&&@}4{19{]&%{%%&&&'1 &la E}éﬁ%&%m qnpri ses
a predeterm ned préssufe rating in the one or nore $1oW “tonduits. I n one

aspect ofmétbefrieiohdactot (B, Ipectiefrmivet eondlit idief dRENEEAQID), % pfredderintined about
200 Hz. I n another aspect of the method, the nethod further conprises

det er m nifhdd dpesitys presiches predgtesmingd lew velogiBiYy. based on an effective

| ength LE of tihe one or nore flow condui,ts, a monent qgf inertja,(l) of the
one or nore fIIB\X/eg%Odﬁ?rtaépecgr% ¢ T CHBPE thrgtﬁﬁyeﬂomeé%rs&!fm%&{ Y'(?g"lthg one
or mgpe fﬂ@Vﬁl@t@ﬂﬂHﬂ{e’?coﬂa‘fb@isésh@F&@@Q%Ineﬁ%é@%f@’raﬂﬁg‘irhﬁleQﬂm% R'morddRy f | ow
conduits. In yet another aspect of the nethod, the nethod further conprises

det er m nicegduiZ) t he maxi mum wat er drive frequency based on a predetermn ned
m ni num accept.abl e dens'kéﬁ/e nellct:ﬁur a'ﬁ of .t he congglcf:lt i brat or, wet er for

a mul ti-phase [PIOB&2SRELP Fhodd X&??&I“HB?’ WRISE LV frefienCyd I‘Fgl thaphe one
or nore flhgw fgyits conprise one or nore substantially self-draining
flow conduits. In yet another aspect of the nmethod, the nethod further
conpri ses provndnothenasp2bt pff thd etethad, niedmptheesurtaedecpprises doermirgng thenor e
flow conduits. In yet anot her aspect of the nmethod, the nethod further
Corrprl' seén?i"r”é\‘/‘fTHWﬁér grive frequency basecs on an effective length L of the one or more flow
conduits, a moment of inertia (I) of the one or more flow conduits, one or more balance
masses affixed to the one or more flow conduits, and the conduit geometry of the one or
more flow conduits.
In yet another aspect of the method, the method further comprises determining
20  the maximum water drive frequency 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 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
25  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
30  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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predeterm ned pressure drop in the one or nore flow conduits that is based
on a predetermned total flow path length LT, a predeterm ned neter
friction wecbewioffoy, a predeterm ned conduit inner di ametras2¢so)is2@
predetermned fluid density (pf), and a 30 predeterm ned flow velocity
(V). In yet another aspect of the nethod, the nethod further conprises
provi di ndDe&criptivtaifaheiDrasvipgessure rating in the one or nore flow
conduits. 5 %6/ 107297 PCT/ US2005/011420 Descri pti or] ﬁf t he Draw ngs
The sane refer MHLASERE PN GEHHRRRI TERICBELS Uigpame| lern LavwiRgini ngs.

FIG 1 shous a1 5haReq a"liJQBQ}BéH‘YinéWJ?(%\%Be@PO PR didof art. FIG. 2 shows

a conpact vibratory Tl owreter accor 0 an e ment of the 5

i nvention. Fl GIG 2s¢hows cosmpae vilrawiy floevneaempacording tahn eynbold omern tofithe
according to an enbodi nent of the invention. FIG 4 is a graph of
frequéncynWfosr ence (i.e., frequency error) of actual frequency versus

s 7 EOUGE T R Ly A G e Rl gheoBD

sel f - dr aigphtidli@epestth®indeR€ogonpact vibratory floweter. FIG 7 is a
flowmchart of a nethod for constructing a conpact vibratory floweter for

nmeasuring floWwl€had det@rgraph «f Gequene diffepenss e(ife olvequensyi arorcebrdival t o
an errbo;jti nent of the i nven& hon. 15 Detail ed scC %Ftion of the Invention
FI GS. 2- 74NN EcPY Moy d&deicptq 6h? alse VQbCL f1%Sexanpl es to teach
thosgq skill edeiqn stibg g@4ph SOk Ry BREE oA 14fife bNGoiBGRdctigRde of the

i nvention. For the purpose of teaching inventive principles, sone

conventi onal ddfEca-b6BsboweeselBdmapling agucoof thewbmpadt. vibtatey fhkimbted i n t he
art will appreci i ations. fromthese exanples that fa]l ithin the

e v 20
scope of the it dHlONHBELIAMFINGY IPHCQREUGYRE {LPIPAYHBIAILY dOPHREE he
features @pshtd s SO AR EFS B BeulMpAel AUS WHGidi CadcBEdThEUb AP ©

vari ations invention. As a result, e invention 1s not mted to
t he specidmisodimanpdfake irdeatonhbed bel ow, but only by the clains and their
gﬂgi}gghﬁ%gtéﬂsé %esczrigtqgr\:\%f?hecfnnv%%(t:iton\/i bratory flowreter 200 according to an
FIGS. 2-7 and the following description depict specific examples to teach those
skilled in the art how to make and use the best mode of the invention. For the purpose
of teaching inventive principles, some conventional aspects have been simplified or
omitted. Those skilled in the art will appreciate variations from these examples that fall
20 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
25  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

30 flow conduits.



25 the invention. The conpact vibratory flowreter 200 includes manifolds
104, flanges 105, a casing 102, and a conduit portion 106. The conpact

vi br at or ywDl2ovgmet®r 200 i ncl udes one or nore flow condecras3@to{see Fl G

3) as part of the conduit portion 106 inside the casing 102. In sone
enbodi nents, the conpact vibratory flowreter 200 can include two flow
condui ts 301. Thecanpawvitretogy floswnaeanzi ilnsari&(bmbmiﬂmemrmnmssebav&hﬂiolﬁo flow
conduits._ 6 WO 2006/ 107297 ‘I:%qu'l.'l US2005/011420. The ct brator
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ana a 11 oSt naBRaR!ERsFelb GRS ratfidlpact vi brator'y 11 owret er
can jgener al | yvagy 35361FRbah abRe: ﬂqero@uﬁhoar@m&m@f@m RELACY) oM Fbrdihgse three

factors, even for 15 use with a nmulti-phase flow material. A conpact
vi br at or yfléwmeteet dihreecetshelimgt troportant |fatm@nstthairaffentd)mmtat$0raalﬁral dreve f requency

of | ess t an about 250 Hert é on an d tha i ncl udes wa such as
cenment '’ ?‘l%\ﬂﬁhﬁlaéﬂ% Yed te ypor B?a‘fi%PBe °§“o R ”laﬁ@‘ M?ﬁéure
frequency r sed on
an effectl ve rgﬁ“g’t" Hbﬁ@e@% gg&gﬁge%gﬁ%?e f Sé\t/ ‘ggﬁgdlﬁﬂ&%giepgﬁmnent of
inertia (denerdllyteeacenmpdishedbtheodgdhowpeapritine sedectBMlof thewd thive faeorsetven fok t he

one or. nore flow conduits 301. In addition, the drive frequency can be
furtHér a¥seetited mpytighesoflowgpaepal ance msses that can optional Iy be

oL 1169, L0 NSyl R SO0 el epnemiog O, SUISEL e,
t hi cknessfreé@rRneepERds ¢an about 250 Hertz (Hz) on any fluid that includes water, such as a
cement flow material, for example. In some embodiments, the drive frequency is less
than about 200 Hz. The drive frequency caﬁ be based on an effective length L of the
20 one or more flow conduits 301, a moment of inertia (I) of the one or more flow conduits
301, and the geometry of the one or more flow conduits 301. In addition, the drive
frequency can be further affected by one or more balance masses that can optionally be
affixed to the 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
25  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
30  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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25 the flow material pressure. The nonment of inertia (lI) can depend on the
flow conduit inner dianeter and the flow conduit wall thickness, anong

ot her thiwg=oosm7addi ti on, the drive frequency can be lpasas2as/0a1420
predet erm ned m ni num accept abl e density accuracy (see FIG 4 and the
acconpanyi ng di scussion). A conpact vibratory flowreter according to the

i nvent i ormatadalptessuae tarobe Seqied agdoading te g sigsiced applichgonypreeandye spearfiedbout
10 pounds- per-sguare-inch (psi). In some enbodinents, the flow materi al
pressure rbeélcﬁ%sé‘fﬁ about 10 psi and about 475 psi. In sone enbodinents,

the flow matera abnPaeSabFfory 1@ Bkt hcddrdngaD M indentR incillags 4 ow 7 WO
2006/ 107297 PCTI US2005/ 011420 material pressure can be sel ected according

t o a desipredttapphed advimpact@eonanybd lepgeeddtérminedyompac pdonsey .cal indugeact
vi bratory fl owreter. according to the invention includes a . predetermn ned
conpact JEERETRYFE Ofﬁérsé’%mlg?#wéat %%E@&Da@%ﬁ%@?we%ﬁ?lﬂgmd O1S Igli@ or

nor e of ] ; | L 1 -hal gtz t o- bore
ratio (ﬁi}@??q)g%e@vr%ﬁmg%@? ?ﬁ@"‘c%ﬁ%?{; 'ggggngge?l?%ﬁgédprsg%ﬁe? gtrl(ﬂlaﬁe l%s pect
rati o (L/dipateisthagrubaned.5t Tas paduetdrmindd heiglet-toriede raio{HBY ihksgthantabobior e

ratio (HB) is less than about 10. The bowed flow conduit_ geometry can
i ncl ude Tnbpwgrhflew wngpit geemesy canmclydegnddengd pagles S pf betyeaddi@es.

The bowed, f i t.-ge y [ -draining. The
compact BIaE ey PP R, THRboRGaar LR Cahuer g el b Aot
presggr e @rfgra . in the one or nore flow conduits 301. The predeterm ned
pressure drop (AP) can be based on a predetermned total flow path Iength
LT (see FI G 3bhe eompacediratoni Aewmnserer0fqandurtber iheltdep prédetermined
predeterm ned conduit,.inper dianeter, (1D, ,a predeterm ned fluid density
(b and"aSpredapdnm ok g day Spahs b Be Suftsbiamiae préstiu®
predeter rHrBE@APL@a?ﬁw Basdtl @R o ABYetERRINEE téial Fokk PafieASRAr AisBIFIG. %hQ
formula: rr | AP=PVzl DI] (1) The conpact vibratory flowreter 200 can
furt her ipredatcimniace medatfectiométt@qfpressdatamintd cenduit inhe dameer (ke fl ow

conduits 30]1. The predeterm ne ressure rafi can be | ect ed accordin
to alpar tR& t%lfﬂl&ﬁ@ﬂiﬂt‘géqfﬁﬁ_y ngi&dgﬁPr@ﬂﬁeﬁg'@Fg%Wev"rL]BWa@?)‘Sli“tﬂngt ory °
f 1 owret ere 2001 iBnS HEpRFRRHHTRA bPe sk Sre&RBS L APFLAd Qiculated according to the

formula:

_—

The compact vibratory flowmeter 200 can further include a predetermined
20  pressure rating in the one or more flow conduits 301. The predetermined pressure rating
can be selected according to a particular application or by an end user.

The compact vibratory flowmeter 200 in some embodiments is constructed to
have a high aspect ratio. In one embodiment, the meter overall length (L) is
substantially the distance between manifolds 104 of the flowmeter (see FIG. 2), while

25  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

30  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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have a hi gh aspect ratio. In one enbodinent, the neter overall |length (L)
is substantially the distance between manifolds 104 of the fl owneter (see
FIG 2), wbi2b@&/@mothe nmeter overall height (H) is subst aotriusbéogothaeo

di stance between a centerline of the inlet/outlet manifolds and the
farthest away centerline (i.e., the center of the peak of the bowed

por ti on) .viffaerasheaheteald®to be iealled dn emah spages oThedigh appaod rafib eadblen of
the overall shape_and size of the flowneter. A high aspect ratio (L/H)
connot es thegempid vibnatgdlosymetgs 20 [l pedgRimerg gpatieations. {1 eng engt h.

Ther ef or eemgga?m?mc 03?\{;55% ?fb?étﬁﬁsﬁﬂi” reaf B REG M JLBehO Ak

invention is relative erefore easy to accomodate n nost
et eri ng ceRtiodainciting Mmabhigbryafdp atikingaindorenalies lighid @apacOthdd udés
2006/ 107297 PCT/ US2005/ 011420 vibratory flowreter 200 to be installed in
smal | Sspandtherflovmsterialp ave conigmplaied #bH age within hespers ofthpdgswipyion

f 1 owret e\rﬂnéocg ito be used in nore applications. In one enbodi nent, the
conpact r Efglrsy fl ommeter 200 can be used in a cenent casing operation,

including in nﬁfemépgﬂtytpfwre Patd (HYBIREMDE s@HARIt 00 the HEIBhE RITEREd abbWgTto USes
5 and other flow materials are contenplated and are within the scope of the
descri pt iasnnnemrdlametr of an fiet/tuiegmanifoldoblkee heighbtotboByatteo i )geleds thet i o
of the hei ght (defined above).to, ap,inner diapeter of an inlet/outlet

mani ol d TeenTidD Greca Bore PaBhe S esp TRt BESH v RgIest Bisni p bet ween
vertijgal jhelghetHortdUhCREREG e MOK RbAAY O WIRE Bbrd Befcfsre iRNEHCEE fRUL | et
bores and thereél2 ore a flow conduit size. The bore therefore 1 nfluences the
fl ow vel dbew yelovity &Wl ahd éhemmater friationt factor { R ddoa givieh ffoov mategial presfurewin

material pressure. In .a_single flow conduit f|lowreter, the bore (B
gener al | 2 fi88leAlovs sprdudf Bpumeter die oree dgenesblianme s wﬁsertaﬁ&wo%% does

not_have ddhe HASSATHAok)fel ASH 8 cdh BIERELal afinelihQuk AR or 215 The

conpact vibratory f eatures a low drive frequency for a flow
mat eri al ,flowcbndliing for a cement flow material, for exanple. This |ow drive
frequency is achieved even while achieving a high aspect ratio and

t her dfore a coklisaeampagey diratoryifevegeter| 2Q0tfpatupssiadowadnive Heguesicy forehfpweer

coul 4 engaGikt BGUATSN, RN B S SHERCIRD LI 61, BT FRuhed s
by A SR by AL W St 1 o o
design. In the prior art, a design engineer could choose from either a low drive
frequency flowmeter design or a compact flowmeter design, but not both.

20 The drive frequency is the frequency at which the one or more flow conduits 301
are vibrated in order to measure flow characteristics of the flow material. The drive
frequency is typically selected to be at or below a flow material resonant frequency.
Therefore, the drive frequency can vary according to the makeup of the flow material.

In addition, the drive frequency is affected by the stiffness characteristic of the

25 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

30  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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frequency is typically selected to be at or below a flow material resonant
frequency. Therefore, the drive frequency can vary according to the makeup
of the flwo2owy®risal . | n addition, the drive frequencypcs/wbisotrdo by t he
stiffness characteristic of the 25 flowneter. As the stiffness
characteristic increases, the drive frequency also typically increases.
The basi cordioedaehtiyit iffowmerer. dThgefeativapength Ll @ambe shoftastduryi shgpri@ningw dri ve
frequency is that reductions in aspect. ratiqQ/overall size increase the

st 11 nesshe Kafak dew gaMsIenath lropr i Ripgitiopras Baees k. aaRksie oics tBtdesieiplr
overal | | ' i@ N6k, thPaRYseS LA I ter,
the sti fftﬁggé&c#é%leagt\éé&%l S |(l:tsi %?gﬁggs’ as gg t he n’%’?e?%@egre;ﬁh?n%}éng (L)

decr easeschaAgetinehe dasigradfi@nbla Gotviateraffoe ekamplega i-sfidped Sowtube has a
characteristic is the effective length LE of a vibrating portion of a flow
conduPt 3ouck gwater effectiy) lengthd wthpp atsiraight eoppuit flewmster dsee I 1tand Yot al
fl ow path T . {f.0r S [;ght 6, 20 or
powad cordt TP ot ind et P a{ s Ao fieslo bOLERARD Lot

shor t eni nfe stiffAess@hatactdridvic BAl fhd @nat fledubnoy obthet Bvidd@dt tiDbehedilyace bars,
brackets, etc., that restrict the ends of the flow conduits. I n addition,

t he ef f edn¢rgasddengt h LE can be shortened by changes in the configuration
of a flowreter

F | U £1 owt ube has a 5 nuch
of foct i ve T enght e i acEeha gHbe BERatintcTys SugrarehiSed Pl £ o)

As ajpes Lﬁchl,edt&bw%hfnﬁéﬂ A9 f1bAnet&l rﬁie%wﬁulef_é‘x‘\’a@&ﬂgiﬁﬁtto Pe EnBBARIALLIMhPOVed
flow conduit, the stiffness characteristic and the drive frequency of the

f | owret erinwgritlonbe dgsigatd so thahtheahsedredquihecy isdessporeevenauocttlesy than thke

enbodi rrenﬁs of the inventjon is n Herﬁly a o‘é’o‘féﬁ]al ed- down B%I or art

f1 ownet erlovRAtenal rRanapt e%ltﬁnaxngfie@ Y1 the Ao et eaey shuldPRdent i on i s
desi gned m ™ efuie E n t han the
fl ow mat edrsllgbae re%%%%r?’?é ?l)régr}qg{eency. ﬂfaéeerﬁ Irésﬁﬁ??lteﬁéﬂeu?}e‘r 'dglg\%ge#@ggbeency shoul d
be a di stewrmatel accbirdingnoehd embodibentd afrthenatventiah preddesaniow-padilenseif: As a

result, the flowreter according to the enbodinments of the invention
provildes dainiig spEPpsteibriey floymetsr whig Yeberperdng ¢idssisebmgasrempiit er whi | e

It 2 oL, S8R L PRESUC SR nPRSHIACYS YR Dt 1o ecence of

vibratory fl owrel 8rshdfQ caapeneht@f the confpRIDBMAEBN ot ooneentdigto The
conpact vibratory flowreter 200 includes, in addition to the conponents

shown andindinkediment ¢fthgimyenpionodle spmpaeteibragary dvdnetes 200 includes, in

addition to the components shown and discussed in FIG. 2, one or more flow conduits
20 301, brace bars 306, pickoff sensors 308, and a driver 309. Other components can also
be included, such as pick-off sensors, temperature and/or pressure sensors, meter
electronics, mass balances 316 as needed, etc.
The flow conduits 301 comprise bowed flow conduits and include a bowed
portion formed from at least two end bend portions 314 and a central bend portion 312.
25  The two end bend portions 314 each comprise end bend 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.
30 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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20 301, brace bars 306, pickoff sensors 308, and a driver 309. O her
conponents can also be included, such as pick-off sensors, tenperature
and/ or prweusIos®Nsors, neter el ectronics, mass bal aneesBidsasiapeeded,
etc. The flow condui ts 301 conprise bowed flow conduits and incI ude a bowed
portion for r | east two, end, be porti ons 14, and raI bend
portion 3‘“1(?l 0%?% %Otg nggmraggpﬁsz}ﬂg 3R AT ‘ﬁé 6‘%59?@ .
angles 0 hstv\m& RO WBechgd: HeerRefvd rengmsg allmfééegrsﬁﬁﬁessldmalsda?er%ﬂ‘e%g' ment
e

shown, the end bend angles O conprise bends of about 145 degrees
bowed por thegomyzat vubmterasﬁowmteaﬂﬂ)@cthewéfecheen@ngthLI& isasodifitadl ireordentb bend

angles 6 can nmake the ondwts nor e ped and  there can

ot ease foe e Ted GV FRANGEC 3T SorBe EoRAdBRenyS e birs RralRerer 200
can ingclu r r the
cnds of t RRPleaas SRR GopsOR (NG o pE P a ey S RS
condui t s 8ibiatotyhBowneee 2081 whd6 tnaiaairdoigla desiredbld ek modat he fl ow 10 WO

21)1) 6/ 107297 US211115 /111 1 4 211 conduits 301 to each other. The
brace bar %epgt%'og;w &waa?ﬁ epitemalively] Brighk apbegiments the Praggdaes 3 0fme lett

Because tQ Jb(?@rttb\ﬁ?a ﬁ‘z%ttﬂ Ieﬁeg%% ]%P%t%i&fa st! ffness char act eri sti c of

t he corrpac rator fective length LE is nodified in

order to achl Awetﬁeheha}e&u@@b thiat vah Aff@yuensieratich GOKE cefpacti vibnatsy t he
brace bars 306 are 5 installed as far apart as possible in order to reduce

the dkl ve PW@tﬁy@“r?&Q ipthe interadiriese (B) of the ane oy nidre West @mndeoe 30 Whiee &1G.

i nt dal rati,on/,per f.or nrance. Alternatlvel
" o enbonr e i Hedniifs BlarfFE cang RS BURRIBS R VSRS i v
the ef f ecilbwendt@ TN sk asAR M BanTHIAE 204 E1ThS i disisBatorfad Brealdr @id bdrRen one

operation of the corrpact vibratory 10 flowreter 200 is the internal bore
(B) of thembedimgnt msmnbwl)ccmmm the30dsst weworrl @rea(Q)of ththBotwyoroadig(s).he

1 oumet er AT RSP AR SIS g ABOCRORG LR TS nEHFEs. of
the bpye #)6} PH&K- se%ﬂpﬁ(ﬁ'ap@antln'o?le%‘ﬁp&fd?r%ﬁtadf{tﬂ%ﬁﬂf‘éﬁ ioft,Rnd Hﬁéﬁ{' SBoreGalia onal
area(s) of the flow conduit(s). A height ore ratio thérefore is an

i ndi cat or (l&B)tihesathmnraboof iIbow i n the fl owneter 15 per cross-sectional
area. In one enbodi nent of the inventjon, the height-to-bore ratio (H B)

is |ess than ap8ather gharpgiggistis thaheanaffest ﬂ?tQRS’ractl%tOféh‘ﬁC‘é‘?‘?é@t“‘?‘ﬁ@%per ation
of the cofpafietIat HeYadded presence of balance weights 316 attached to the one or more

flow conduits 301. Added balance weights 316 affect the overall mass of the flow

20  conduits 301 while not substantially affecting a stiffness characteristic. Therefore, the
balance weights 316 can affect the drive frequency. Increasing the mass of the flow
conduits 301 reduces the drive frequency.

Yet another characteristic that can affect the operation of the compact vibratory

flowmeter 200 is the wall thickness of the flow conduits 301, Wall thickness is

25  generally chosen to accommodate the pressure of the flow material. However, a thicker
conduit wall will incréase 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.

30 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
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flometer 200 is the added presence of bal ance wei ghts 316 attached to the
one or nore flow conduits 301. Added bal ance wei ghts 316 affect the

overal | mmexo@fiortye flow 20 conduits 301 while not substamtisaddsyiabé ecti ng
a stiffness characteristic. Therefore, the balance weights 316 can affect

Lhe i vaind Gteey pIovEE GaERey YARe B B on i e Rernk ot e 1o
oper at i Onfr&{uehbf’ of 202Gt MhAdW Mne Eérﬂﬁﬂ?és%lot?&pfréﬁeh@%‘ vaRikd £l srkstess of

the flow conduits 301. Wall thickness is 25 general chosen to acconmodat e
t he pr essflowmstertdperdtingwt aalrieciftdqueriynedit0 Ha imhiakest, thonpheartdineal | wi | |
increase the stiffness. characteri stj of. the flow conduit 301.. Ther ef ore,
T b ARaRTISc P TS O b e A AR, o IR EOTROGIPBAOM s ho vl |

thi CKReS Syt SmeRaRelali: B3nt ShARIYE Whdrbiint BoPRASTiAAS MicRWRerd; | over

drive frequency. IS I's possib wher e w mat er Is not at a high
pressur e. adcdOrdthgto theiiaventiphdpbpeathtifig emsndieqiefdyesfavoat (70 Bz, Backqglidrcy
error) of actual frequency versus neasured frequency over a range of void
f ract i onsfrequeaCcy FespRNSSsdp fragenflowmeEihaving diegagiediovs cortingeomS #hst eri al

211° 11 netishnfionblitiShns ChARaRleign F000 ORIl 631 ooy el

oper at i ngfraf the gidphethaf theque Yo m drize fid@endydddeatks frenmcaNEtides
pl otted frequency values for a prior art flowreter operating at a drive

f r equidncyresporsadyrpo. mpre hanOr5aHe for any (abwee! Yeiddractienplhersdorgl deerapact

frequency .val ues,of the drive freguenc f . th act . vi brat.o

{1 ownret o EERES  meB® oReral e ahf MeAve dreor 2R TR B Ry ke A leVs s

f1 owret eraccﬁpé"egiﬂ'ffé@u&&ﬁﬁ@as‘uﬁé’rﬁéﬁtb.oﬂ dafi bRREERErbADhE ghhpl ehalt hIsIeRrieyef
about 170 Hz. Each of the frequency responses is froma flowreter having

t he sane ¢f foequeony atcurgeornst reyachieyeddatfléast imparailyyselasting mngppfopeiafedy taw e

| ength LE and.copduit wall thickness. It can be seen fromthe graph that
the 170 HPH{t tEeNGYi ve frequency deviates froman actual 10 response by

no moyse than Opfy Hzisfafrag¥r dHsHS e?l]]:or\()%xda fJn@%to:fQBidzfg%t‘?fo‘ﬁg.O'Tﬁe déngRmpact

vi bratory fl owneter operating at”a frequency bel ow Hz provides a high

| evel of eramcgraples 4 corfiplemizanmythedmguemysdiffsrence geeph, bedasanp i rom t hi s
graph that a desired |evel of frequency accuracy, can be achieved, at |east
in part, ¥progmaselysgualio dmpiesFienusnoysabaizd <ap=elr/§t)i AGe ORBMRFRIPPIIES FIG 5

I's a grapf Aty GENShAIRS BF a BUSK a floANIGeLEp ¥ Xirth L CRSquehl o § 76 Y
The middle line comprises plotted density values for a prior art flowmeter operating at a
20  drive frequency of 340 Hz. In contrast, the lower line comprises plotted density values
ot a compact vibratory flowmeter according to the invention, wherein the compact
vibratory flowmeter according to the invention is operating a drive frequency of 170 Hz.
It can be seen from the graph that the density values measured by the 170 Hz flowmeter
deviate from actual densities by no more than about 2.1 percent for any value of void
25  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) 301 are vertically oriented. Because the flow
conduit(s) 301 features a bowed configuration, including end bend angles © greater than
30 120 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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error graph is a conplenent to the frequency difference graph, as density
is approxinmately equal to |I over frequency squared (p = 1!f' ). The top

| i ne conpwo<ess/10ptot t ed density values for a prior art fowsessniaperating
at a drive frequency of 470 Hz. The mddle line conprises plotted density
values for a prior art flowreter operating at a 20 drive frequency of 340
Hz. I n canbraastws)t Mhid saifedraining agmeepof thesopipatt @traleysidwmeek 066 is ofarge
conpact vi bratory fl owreter ﬁcordi ng to t?le invent'&n, wherein the conpact

ﬁS |o Hgh

vi br at or ymPrexgin overc Hothapeytlowmetars; anba floynmpirig Phg camant v
f requencxgé}éﬁi%%f%a 1), A1 gBRIRCENI] 600 ICingIaBRR bW RRAARPSE ¥ P! ues

nmeasur ed ter rom actual densitres by no no

t han about ngs sklfpérageng. for any value of void 25 fraction. Therefore, a
conpact vibratory flowreter operating at a frequency bel ow 250 Hz provides
a high | evel dflGaddaadloyvahartddf<aftampibad dpesansiracting ceompactaB iy a
self-draifin ect of the ¢ vi.or r | . . 6A,
the flow €0 ﬁ%? ?%r)mgﬁfrngfgglo\)xgr E}q‘gé{fnil‘ly&gﬂfen lél](ctjl.' ecglg)gvem %gla} %J(;&v(\)/ﬁilg:g

condui t (§) adQiboRaheriEst the hABAE O dtepiral i Ppresdun€ it i8 pr@ndedngle angl es A
greater than 30 120 degrees, any flow material in the flow conduit(s) 301

wi |1 dr aicompact vibeatowy Gowwictey, as(prewioasly slijcusseadk ebbiequessure ¢rog.cagBe chogam when
the fl owfcon ui.tegf%p gigl.i s install ediéj H a hordi zontal orientation, the flow
mat eri al 0 f OCYFE FPPHGRIG OF 11 19 BREGSARY T € 6T (see 12 WO 2006/ 107297
PCT/ y§2005/ 01342 eﬁﬂ%d%én’i’c‘,’"ﬁ?e- pragiufe &@bfcafl 'b@'déte'i‘ﬂlir?e%lﬂ?s%}]g vethenganpact

vibratory floweter 200 is a large inprovenent over U shaped flowreters,
as the flfestorsatléariexhmpdathe presaure drgpntAR)lcawbe mwalcetatal accboding xaeqlagipn wi | |
quickly build.up on the inside of .the flow conduit(s) 301 if {t. (S not
dol Tt b el Gensld Yl G A e PRI R RUEE TP (BASDS I¥El g a
conpact vj: 4 e terd st 0

i - pheahfieB ) JrafaRE B molt ARESHRRSand B (FARNGS 5BU) REFL TS 1
step 701,deterpiigssiiom e @quationpr ovi ded in the conpact vibratory flowneter,
as previously discussed. The pressure drop can be chosen for_ a desired
appl iléati on orlnstap HE. dpeedateranings, CAPas @eomety istprovidednes Rissioyskyent, t he

pressure(ﬁrco el be determ ned using several nmeter factors. For exanple,
the press 1% cfrOp (AP) can be cal cul ated according to equation (1). Gven

a fluid densitiy swql 708, apde @ferafif@PpRB e PRI is PFOSE B tHE @BmpAR)viblaksryl nner
dianeter (ID) of the one or nore flow conduits and the total flow pat
| engt h LTflayametse The predetermined pressure rating can specify an acceptable upper pressure
limit for the compact vibratory flowmeter. In addition, the predetermined pressure
20  rating can influence the wall thickness of the flow conduit(s).

In step 704, predetermined end bend angles © are provided in the compact
vibratory flowmeter, as previously discussed. The end bend angles © can vary
according to a flow conduit geometry and according to a desired flow conduit effective
length Lg. The end bend angles © in the compact vibratory flowmeter according to the

25  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

30 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.
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determ ned fromthe equation. 15 In step 702, a predeterm ned conpact
geonetry is provided, as previously discussed. In step 703, a

pr edet er mvoedogedsure rating is provided in the conpacicriuseason 2o

fl owmmeter. The predeterm ned pressure rating can specify an acceptabl e
upper pressure |imt for the conpact vibratory flowreter. In addition, the
pr edet er riheadvartassproeid2d arcatripagt dhratomyfflavemeter thae feambres & thowe lpnefle aafl at he

flow condquit(s). In step 704, predeterm ned end bend angles are provided
inthe c eipecmablpatﬁwnwrﬁwr gyides,a compgstapiaiory if@é"ﬁ@%lé’d& The end bend
angles 0 i ; i t ; i to a
Gosi red 1o SEERSHPERARSIDA, hiifhum Rt RPN eolERIE T AREHAEFRF e,
conmpact woktpatoviprdtboviiew sietercian adivngageoutlyeofBds b hoe mdxdmuiadige f r om about
120 degrees to about 170 degrees. The end bend angles O create the bowed
shapeSof fragensothat isauch lesy thapg drpvedreaysncyotia prar at dgwarsisr 9fa $R/i ded i n
the conmp i fdowreter. The drive frequency is |ess than about
250 Hz. ﬁﬁkg%hégéég%é$%%%ts, the drive frequency is |ess than about 200
Hz. The drive frequency can be determned as a 30 function of other

fl ommeter paraneters, as previously discussed. The conpact vibratory

fl owreter according to the invention can be enployed according to any of

t he enmbodi nents in order to provide several advantages, if desired. 13 WO
2006/ 107297 PCT/US2 0115 /111 1 4 211 The invention provides a conpact
vibratory flowreter that features a low profile and a high aspect ratio.
The i nvention provides a conpact vibratory flowneter that advantageously
offers a | ow maxi mum wat er drive frequency. The invention provides a
conpact vibratory flowreter that advantageously offers a | ow maxi mumdrive
5 frequency that is much |ess than a drive frequency of a prior art
flowreter of a sane overall size and profile. 14 WO 2006/ 107297

PCT/ US2005/ 011420 We claim 1. A conpact vibratory flowreter (200) for
measuring flow characteristics of a nulti- phase flow material at a fl ow
material pressure of greater than 10 pounds- per-

14



square-inch (psi), the conpact vibratory floweter (200) conprising one or
nore flow 5 conduits (301), at |east two pickoff sensors (308) affixed to
the one or nore flow conduits (301), and a driver (309) configured to
vibrate the one or nore flow conduits (301), with the conpact vibratory

fl ownet er (WOBIBEI2RY characterized by: a maxi num wat er REFW/UR5BHA®ncy in
the one or nore flow conduits (301) that is less than 250 Hertz (Hz); 10 an
aspect rat ivg %Ll of the one or nore flow conduits (301) that is greater
than 2.5: %eH@IBht-to-bore ratio (HB) of the one or nore flow conduits
(301) that qi h : W : I : t e one or
nore flow ébn%dhﬁéac?gggl}ftoﬁg?aﬁﬁéﬁédes glééﬁmﬁggggﬂ%ﬁgﬂ%gégg E%?“E@H/i\}een 120
degr ees anghiseflabe graterial aPa flétvanatengl potsswie bof gteatey thidnoldhpdumdsp2O0) of cl aim
1, wherein the naxi rumwater drive frequency is. |less than 200 Hz. 20 3. The
conpact vi BAUATENIREN(PEAntEE SPMPRGaybraier: alymeter (10) omRESAg Mk ORTMAEE Bower | ve
frequengy ] d i e flow
condui 13 ( S04 s E0EE abRe 0y Bpl &SIt oSG ifkeSlo MEBnE 0Py HBAE i s
(301), one conduinr(d0bahmha driver(862scoafifured to vibrité cheame odmdreflow ¢amduigondui t s

(301), and the conduit geonetry of _the one or nore flow conduits (301). 25
4. The con‘&%Q:lb\)’itBrﬂﬁ epmpact yihsateerflqumersr GO0} beingrharagierizedihye naxi num wat er

drive freque i i ] A .density
aceur acy of  ALEREWARE B RACREPAEDHE BE5RR MTUERARERRO BN E°TT
material. 30 5. Tese timrgsdcHervs (HALory flowneter (200) of claim1l, with the
one or nore flow conduits (301) conprising one or nore self-draining flow
condui t18. 15 woasmEgbrativ 2dH) eicthe ospooweriove pondsiits (3 ) teatpnereater theat or y

fl owmeter (200) f5_cl aim1, further conprising a predeterm ned pressure
drop in the one 6i’nore flow conduits (301). 7. The conpact vibratory

f1 owret er (20@)height-2d-Bord rhtio (H/B)sftheaiguringérs §losv Conduitsl (3081 fanedlefrtRssur e
drop in the one or nore flow conduits (301) that is based on a
pr edet er m ned t ol @ ard ow path length LT, a predeterm ned neter friction

factor (f), a a bowed flow conduit geometry in the one or more flow conduits (301) that includes

15 end bend angles 0 of between 120 degrees and 170 degrees.

2. The compact vibratory flowmeter (200) of claim 1, wherein the maximum water

drive frequency is less than 200 Hz.

20 3. The compact vibratory flowmeter (200) of claim 1, with the maximum water drive
frequency being based on an effective length L of the one or more flow conduits (301),
a moment of inertia (I) 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).

25
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.

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

conduits (301) comprising one or more self-draining flow conduits.

15



predeterm ned conduit inner dianeter (ID), a predetermned fluid density
(pc), and a predetermned flow velocity (V). 10 8. The conpact vibratory
flommeter (200) of claiml1, further conprising a predeterm ned pressure
rating in the one or nore flow conduits (301). 9. A nethod for constructing

a conpact WPBIRHEBRY f| owret er for neasuring flow char RATEY$200508 820 5
mul ti-phase flow material at a flow naterial pressure of greater than 15 10

pounds- per-square-inch (psi), th d. ca i Si rovi ding one or nore
f1 ow conddtts*® CSWHY‘H qu&ﬁemagﬁ)fcﬁgﬁ Léﬁﬁ@%rcg"}ﬂnfsl%_ to the one or
nore fl ow preqidhined pra§itrddrep iisltHe®na of rior€flow@ohdgity@d1f. 0 vibrate the one or
nore flow conduits, wth the nethod being characterized by: providing a

maxi mrum wat er drive frequency that is less than 250 Hertz (Hz); 20 providing

i of th fi L. [ h ' h
25 br ovi ey compaebyBradsy eRaRe L . SBRBAshibebis®esl o Pl G Conau 1

that i3 | gyédetdriimedftessaredriop Qi tHéi ong of maesEewidoadnuiesaBdu) thadie®agidian 4 n t he
one or nore flow conduits that 25 includes end bend angles O of between 120
degr ees arpiederymanagh totad flowimath ienathder A pEedgtermingdmaer filster fastarikd, #raxi mum

\IglaCEI' ?Lsggb\é’?%iﬁgﬁgézﬁ%nld .tlia&frézfi i?g‘%?eéf(ﬁ%?gi%dﬁ%%#%td }?@g&ggﬁ%&?éﬁ%@d&et erm ni ng

t he maxi mpredvtdrBiingdd flne velocRppeNcy based on an effective length LE of the
one or nore flow conduits, a nmonment of inertia (1) of the one or nore flow
conduits, one or nore bal ance nasses affixed to the one or nore flow

The. mithod om e iPE o ALk (ool I B0 Ml SrinBiled i e er

drive frggeduidiniiabsdssare atipg atte oheonsdradlow ronddeqepiyabl e density
accuracy of the conpact vibratory flowreter for a nulti-phase flow
material. 10

9. 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
15 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, and providing a driver configured to vibrate the one or more flow conduits,
with the method being characterized by:
providing a maximum water drive frequency that is less than 250 Hertz (Hz);
20 providing an aspect ratio (L/H) of the one or more flow conduits that is greater than
2.5;
providing a height-to-bore ratio (H/B) of the one or more flow conduits that is less
than 10; and
providing a bowed flow conduit geometry in the one or more flow conduits that
25 includes end bend angles 8 of between 120 degrees and 170

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

200 Hz.
30
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13. The method of claim9, with the one or nore flow conduits conprising one
or nore self-draining flow conduits. 14. The method of claim9, further
conprising providing a predeterm ned pressure drop 15 in the one or nore

f | ow conduwbD=006116729The net hod of claim 9, further conprPGI/USROEVAW20li Nng a
predeterm ned pressure drop in the one or nore flow conduits that is based
on a predetermned total flow path length LT, a predeterm ned neter
friction fhctDe method of plaisa & Birtheneemprésieg detenminiag thi¢ mesireym 2aueridoyve a

predet er m £l nsit r edet er m f locity (V). 16.
The net hodﬁgﬁdueré‘%wai? %neg,%n?’ i re%‘%étrl?v%lg'%ﬁ ﬁl‘§|%rf1 g{ eporngvoﬁglm ﬁg ﬁagwpérogjggi{g rar'hﬁ %%é’tpr essure
rating in éffigertin €l @f thedsre drlmove flomdetnidaits, dhe drmofe bataktedndsees 4fiR&d fouct i ng a
conpact vibratory flowreter for neasuring flow characteristics of a

nul ti - phase PnoOOF matefowicopduits, andiie sardiny ggomsha of theonsrorgpgtlo™ t han 10
pounds-joerc-o%gll’lﬁxsr e-inch (psi), the nethod conprising providing one or nore

fl ow conduits, providing at |east two pickoff sensors affixed to the one or
nore flow conduits, providing a driver configured to vibrate the one or
nore flow conduits, with 30 the nethod, being characterized by: providing a
pr edet er m Hed! hsraehad of glabp % Rirtheecomerising deieranining fhe BayimYE Wates Ve di ng a

det ' i i : id Séihe 17 WO
0061 107200 BT B Pl inhimicc e bty S8 S e X/ Oone or
more fl ow eonipdui vibrathrgtflovemereefor amiiltighase2fldy naterial.di ng a hei ght-to-bore

ratio (HB) of the one or nore flow conduits that is less than 10; 5
provi dlong end bend angles 9 between 120 degrees to 170 degrees in the one

7l C AR e : e inth
one or - mor 5 PAAEEb3 of Pty B B he'th T R M Rls Comifiink G ey
met hod of sdlfadmairing flolveoedutst he maxi mum wat er drive frequency is | ess than

200 Hz. 19. The nethod of claim 17, further conprising determ ning the
maxi nrum wat er drive frequency based on an effective length Lr of the one or

more flow conf hemod of BIAFRR, further comprising providing a predetermined pressure drop

15 in the one or more flow conduits.

15. The method of claim 9, further comprising providing a predetermined pressure drop
in the one or more flow conduits that is based on a predetermined total flow path length
Ly, a predetermined meter friction factor (f), a predetermined conduit inner diameter

20 (ID), a predetermined fluid density (py), and a predetermined flow velocity (V).

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

rating in the one or more flow conduits.

25 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
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
30 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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15 of inertia (1) of the one or nore flow conduits, one or nore bal ance
masses affixed to the one or nore flow conduits, and the conduit geonetry of
the one or nore flow conduits. 20. The nethod of claim 17, further

conprisin erm.ni ng the maxi mum water drive 20 frequency based on a
predetermgﬁggéoﬁglmz%m accept abl e density accuracy of tﬁ’gT/l&%f‘PﬁH‘”Q/i bratory
flowreter for a multi-phase flow material. 21. The nethod of claim 17, with

h i ' .6l < L0 fl
condul ts. 25 P90 dnaSRRe B, EATRIRS R Bfina Bif Rl N Bk Ban, e
drop being baseg.@9n a predeterm ned total flow path length LT, a

predeterm ned neter friction factor (f), a predeterm ned conduit inner
(Ié(%a@ﬁmgne

di amet er (| Dprovadipg adeight-te-here rati @5 ymorg flgwcondpidyibacisfgssed 1 ow

velocity (V). B%ajnBIO;

5 providing end bend angles 6 between 120 degrees to 170 degrees in the
one or more flow conduits; and

providing a maximum water drive frequency in the one or more flow conduits that

is less than 250 Hertz (Hz).

10 18. The method of claim 17, wherein the maximum water drive frequency is less than
200 Hz.

19. The method of claim 17, further comprising determining the maximum water drive
frequency based on an effective length L of the one or more flow conduits, a moment

15  of inertia (I) of the one or more flow conduits, one or more balance masses affixed to
the one or more flow conduits, and the conduit geometry of the one or more flow

conduits.

20. The method of claim 17, further comprising determining the maximum water drive
20 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 self-draining flow conduits.

25
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).

30
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