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PCT/ US97/ 1885 CORI OLI S FLOAWETERS USI NG FI BERS AND ANI SOTROPI C
MATERI AL TO CONTROL SELECTED VI BRATI ONAL FLOWETER CHARACTERI STI CS

FI ELD OF THE | NVENTI ON ' This invention relates to Coriolis

Fl ownet ers havV@$8#I8d t ubes enpl oyi ng the use of fiber FHPFUHFbsite
materials to control flow tube vibrational characteristics including
an increase i n CORIOLIS FLOWMETERS USINGRIBERS ANDANISQEROPIC MAEERIAL
flexibility of TONGONTROL SELECTEDVIBRATIONAL FLOWMETER CHARACTERISTICS

PROBLEM Vi brating tube Coriolis mass flowreters traditionally
conprise of one or nore net FIELDODF THEINVENTION tubes) through which
material flows. These tubes are vibrated at their resonant frequencies
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to determine material mass flow rate and other information. 10 Coriolis
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vi bration freqmbmymftﬁmtmanse material nass flow rate. The
fl ow tubes are thereby subjected to a force proportional to the mass
flow rate of the mat eri al and the vibr Bgﬁlﬁ“@quency This 15 force

causes the tubes toVibsatingtube Cericlis mass flowmnaiers waditignallycomprisg ofoneer matse
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have dual funciibeated abtheiriresuraat feylientcies| rtcmsubject the flowing enaterist to Tﬁ@CbhbliH
function is that of material containpent. %gﬁlptubes 20 rrus} be strong

enough to wi t hacealeratin wqwrsﬂrtaﬂerﬁmméf%@ W AteAneetbel ipformation. |
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appl i cati ons t angular vebmhsammaemmr amgbfmtatwur'ﬂme Coriolis accelerafitre of theond
function of the flow.tubes is e st. be. flexible sot ey
can readily re% Vy Tﬁﬂ?i %HQ%}% Cf‘équep%, %IEB 15?1' Q}?d
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measur e mass flow rates for a wide range of materials over a w de

range of flow PeEpegional tothe massfawirate qfrt%mtqs@' and t!\et\@bramtrﬁww Thig
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and def or m i nexhipitedphaseodifferenne éhatas used tedeterminettheanatiedal mass flow rate
within the tubes.
Flow tubes of Coriolis flowmeters have dual functions that impose conflicting
requirements. The first function is that of material containment. The flow tubes
20 must be strong enough to withstand the internal pressure of the flowing material.
In many industrial applications this pressure can exceed one thousand pounds per
square inch. Flow tubes having thick walls are required in such applications to
withstand these high pressures.
The second function of the flow tubes is that they must be flexible so that
25 they can readily respond to the generated Coriolis forces. The usefulness and-
sensitivity of a Coriolis mass flowmeter is dependent upon its ability to measure
mass flow rates for a wide range of materials over a wide range of flow rates. A
flowmeter should be able to function at low flow rates with materials having low
densities such as gasses and low density fluids. A flowmeter can only do this if its
30 tubes are flexible and deform in a predictable manner as in response to a wide



range of applied Coriolis forces. A stiff flowtube that is optimzed for

hi gh pressure mat eri al contai nnent has poor flexibility and poor
sensitivity to the neasurenent of material flow This renders it
unsui t abl e when the nass flow rate of materi al having a low flow rate

or a | ow denw9/12580t 0 be neasured. Contrariw se, a 5 fl ovREREPABII ng
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such as gasseangyoffappliéd)ﬂvoﬁblimoms.e% stiff flow $ubiet thbt ie optimized dort high pressure ng
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25 Dby perf ofiswnfubeheibrationsid e. pure fshiusoidsl &linctioh (edth time) amdrthatiry othepn -
nodes t ha {;}] tend to trgck t he &lven node. For |nstaﬁ$e, a flow-tube
that is btht Nakrel frepuengies be presentfhat are near the dven resonaltt frefuency R Near of t en
driven in a yméga& mamp@w thaeésdnant frequé?féW%ﬁé&i’é natirdl h%qaéﬁass ghnt he.

| egs of the This drive node 1s cal t he out - hase bendi ng
node. One poi& exaitedrile the ddef@ﬂu@nwmrnbﬂ@mﬂaﬂl ambiantssources]of sibratigrane of
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stiffness of deformdtions lumélateddofth@appkduecmwondes fThisicamcause mﬁns@ahﬂ t he
desired a2nt()]I uer}lgo%%lous glgnals to be produced which interfere with the signal to be measured
This can degrade the accuracy of the derived mass flow rate information.
Vibrational frequency separation is traditionally achieved through the
geometric design of the meter. Frequencies can be raised by shortening, stiffening,
or reducing the mass of the vibrating members. Conversely, they can be lowered
25 by performing the opposite. Unfortunately, there are some vibration modes that
tend to track the driven mode. For instance, a flow tube that is bent into the shape
of a "U" and is fixed at its ends is often driven in a vibration mode that is
perpendicular to the plane of the legs of the "U". This drive mode is called the out-
of-phase bending mode. One possible undesired vibration mode that occurs in the
30 plane of the "U" is known as a lateral mode and it has a vibrational frequency very
near to that of the desired drive mode. Changing the mass, length, or stiffness of

the U-shaped flow tube moves the frequencies of both the desired and undesired
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vi bration nodes in unison and has little inpact upon the separation of the
frequenci es of the desired and undesired nodes.

SOLUTI ON The present invention solves these probl em; and
achieves an advance in 5 the art by the provision of Cori o bes
enpl oyi ng ani SYPPYPSY materials such as fiber reinforce W
Ani sotropic materials are those whose nechani cal properties vary with

di recti on wit hvibratioo madesiin| unisenl @ndcbap ditle: bapacinen theyseparation of the
anisotropic b | n I eferentlall in one
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CDn‘pOSI te f Cl I’CU erential ori ent tress caused
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are by design amsbtréﬂ%y 6ri&ﬁﬂn@%ﬁ hemn tﬂb@s§ ﬁa?é#éﬁﬁblbﬁn Pinesdikdcton. The
Providing fibers primarilly oriente |nt ecwcum‘erenhal di rection

results in a fmaterialwil taan@atr@bmna]blgaﬁdn@d@@s@f ejastieity (stiffneng) and a higher
conventlon ving good sensitivity to Coriolis
f orces. Qb Pe lﬁ'gié&ﬂ#thm#‘gﬁep”éﬁgg‘hcy separation is also solved by the
\S,ﬁl ecti veb gr | ETH mhtenaotbmitdnmgﬁmh p:feﬁéudeenateﬁél wngim pr]?mum sxﬁﬁdtieiue

en a tube is_bent ri e convex side o
stressed in tefigw W%@WM"@@?WO@P sgps wnty is spived by ongating 'Bf"l °ftsube
s stressed i nuchges SeoimpBsite i WIRKind SrcnffERnBA orientatieh! YRESbiechRRy | ©

and conpressive stresses where the stress I1s zero. This region 25 1Is the
neutral plane by interoat pressurelinaifloy wbers tyvice gs highdnshe gircumferentiat disection
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t he probl em of fupet\itrdtionaseinherial direttion, but an%at? Hefsngmintmﬁ IbwePihaflidopd
fibers in the axi al dlrectlon alog?g?the drive e's. neutr pl ane.

This i s al so. t$eesssaused bypwssure, Expviding fibers prmarilv.griepted '“%?ﬁ %“"'M'ﬁﬁ@‘r‘@ﬁ‘t 30
does not rai Sedi}é'tﬁiof'lrleé&\iqua( é’fﬂdmetlgj'd \éﬁleﬁﬁfjﬁnﬂétatnaeglfe'aw ﬁl‘é@gu% than a

resi stance to I's forces rai ses the™l ateral
frequency and m\aeatlomjpsatmmsﬂnw\mbe but hfavmgmnd;seusmvit;etol Coriolisifoncese
\é' brati on szom that Oé ptrohﬁem o¥ ?requency separation is also solved by the selective
orientation and placement of fibers of the composite tube. When a tube is bent, the
material on the convex side of the bend is stressed in tension while the material on
the concave side of the tube is stressed in compression. There exists a region
between the tensile and compressive stresses where the stress is zero. This region
25 is the neutral plane of the tube. Placing stiffening fibers in the stressed regions
parallel to the tube axis raises the tube natural frequency while placing fibers along
the neutral axis has little effect. Thus, the problem of lateral mode vibration is
easily solved by orienting fibers in the axial direction along the drive mode's neutral
plane. This is also the lateral mode’s region of highest stress. This placement
30 does not raise the frequency of the drive mode or the flow tube's resistance to
Coriolis forces; but it raises the lateral mode frequency and better separates the

frequency of the lateral mode vibration from that of the drive mode.
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Shifts in the frequencies of other vibrational nodes are al so achieved by

t he sel ective placenent of fibers. In general, for a given node,
pl acenent of fibers in the area of peak stress and oriented in the
direction of the stress raises that node's frequency. 5 Fi ber

rei nforced cO¥PBEI2S products are manufactured in several WRETUSTINSSSS
nost comon nethods are injection nolding and extrusion. In both of these

met hods short fi beBhiftsin¢herrequincicsiof othier vibratiohalimodes #tei ko BHiGled sy theen
i nj ection r@l de%cor egt fLll:ged. The fibers are generally oriented
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t pOS t - d0es

orientation. This would not always suit our purpose. rai se
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matrix nmaterial 15 are applied to the surface of the nandri ril
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mat eri al . (‘)I'hese can be cut .qa{nd orhentﬁd on the mandril, Baking fuses the
ol ﬁf on.

sheets 20" ofP"H& 'é@’et%b@i' Qf'?nta IS m“'dﬂ?éﬁg\’%%it@mB‘!@%ﬁ-c&d@ﬁﬁuous '
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(either a single fiber, nultiple fibers, ~a yarn, prepr
a mandril. Moveuméereptial diractiomt It alsbirgises all bendiagdregaenciesiequally. conpl ex

shapes. Once the il | S¢ ce on . a flow tube or mandril, It is
either 25 coat edtﬁ\'&eﬁﬁ&ﬁaﬁ’% éfdi"g"‘%%}’ﬁ‘%ﬁh%? h;ﬂm tgdhe.precize Riacement he
case of prepraf@bers in tHé fcwntube walkall Wilikade thnef Rn@All IFtbdrs fd wRdtfik hatdrer i al -
t hen holds.the fibers in The filanment w nding nmethod iIs I deal

| ace. : .
for the r& nialeappiadiotre gl"’?qcﬁ\ﬁffmaﬂ‘ﬂf"t fhae mandrilGangitheeeensist of aiolewt i on. -
.The mandril whith Fitin | ' r : .
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11 anent  so. Hg@Borifbirectoni, §yARn 6 FTWREE SR Gieroansiad win st n
the axial di meatefiain These tambe gutandendritédon ti RiAAAL. Baking fuses the sheets
4 20 of prepreg together.
There also exists a continuous filament winding method. This involves
winding a continuous filtament (either a single fiber, multiple fibers, a yarn, or a
prepreg) around a mandril. Machines can automatically wind filaments around
-complex shapes. Once the filament is in place on a flow tube or mandril, it is either
25 coated with a liquid matrix material such as epoxy, or in the case of prepreg
filament, it is baked. The solidified matrix material then holds the fibers in place.
The filament winding method is ideal for the reinforcement of a flow tube in the
circumferential direction. The mandril over which it is wound can be either
removable, an extruded composite flow tube, or a thin walled metal flow tube of a
30 corrosion resisting material such as stainless steel. Prepreg unidirectional tape can
be placed between successive layers of wound filament so as to provide additional
stiffness for the flow tube in the axial direction in strategic locations. Prepreg
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uni directional tape can also be glued or otherwi se affixed to the outer
surface of a flow tube to provide either a circunferential or an axial
fiber orientation. A hol | ow tube mandril has the advantage that
it can consist of nmetal such as stainl ess steel, tantal o

zi rconi um whi YO P&1280wn for its corrosion resistance. 5 ItTERY *’H&?sserve
as a corrosion resistant liner for the conposite flow tube.

Th
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contain the er nal ressure stresses. T ube man can al so be
aof a non-netal nmat & hollovstubk mandril has the advantage thak it caneonssistxif mietaltsuch asf | ow

while still retajpin d corrosipon resistance 10 n ressure .

capabi 11ty | stanless Sttt 3F ARCorimanuE BdooanBElls ESFOSOR ptaRca-t ow
tube wi thous atlchR@us dét9e as a corRisicts ledistatineF fitthe abiipBsitd AGRWbE! ThEe
nmatrix materials nmake this adequate for many fluids. For a straight

tube, the renowandd tube wallicapdertbin smas tealinw lasge response to the Corinlisdorcese

means. The 1 mAtie -4 et {nckRE Selel®s SHEGRIepSel Bt SORERE Y 8RRl oc”
of special waxgres§urestressess (Thertgby alandifincarealse bbed adidn-etah nizériatsiieh as
These wax cores are usual | de by injectiaon nolding. The

Ly, IR L1N] € n 9. . .
sel ective use tgflon ffé'ﬁé‘t"ﬁﬁlee‘?qnélt&'%@ flav, Whilg stiltretajaing goedicorresipnassistance
fl ow tube r t wonmes the problens of the prior art and that
achi eves Zgéa%dééf%?%‘%%vw%?éﬁ@gnsi tivity and a capability of accommobdati ng
hi gher materi al Thepgnandrilicars also be removable leaving the flow tube withiebCRIiREH. Thie OF

. . i i | i ght f1 be.
Foure 3 O ecl umsion esistar Pefife g fahg o7 tHe Bk idlefials shoyfel{nis adkauate tog
node def | ect i opanphuids. sFeestraight e, dRrefiovable mamﬁﬂcbf:ﬁ)bénbb(ﬁmmi 8t the

Figure 4 discloses |ateral deflections of U shaped ow tubes of a Coriolis.

flowreter.  endofthe finisheg lubegbulifarquierdsiubas the gpre has ie be rempred by athetie
R e e e
. shaped  Coofispecial waxes thataze strong yet can be melted out with hot water. These wax
> | cores are usually made by injection molding.
The selective use of these materials as above described provides a Coriolis
flow tube structure that overcomes the problems of the prior art and that achieves
20 a high flowmeter sensitivity and a capability of accommodating higher material
pressures.
DESCRIPTION OF THE DRAWINGS
Figure 1 discloses a straight flow tube.
Figure 2 discloses a bent flow tube.
25 Figure 3 discloses drive mode deflections of U-shaped flow tubes of a
Coriolis flowmeter. '
Figure 4 discloses lateral deflections of U-shaped flow tubes of a Coriolis
flowmeter.
Figure 5 discloses axially oriented fibers on the front and rear surfaces of the
30 legs of U shaped Coriolis flow tubes.
Figure 6 discloses axially oriented fibers on the sides of the legs of U shaped
Coriolis flow tubes.



Figure 7 discloses axially oriented fibers throughout the entirety of U
shaped tubes of a Coriolis flowreter. Fi gure 8 discl oses
circunferentially oriented fibers throughout the entirety of U shaped
flow tubes of a Coriolis flowmeter. 5 Figure 9 discloses Coriolis
flow tubes WOSHSIBoth axially and circunferentially oPSHPZAS? bers.
Figure 10 discloses a straight flow tube having circunferentially oriented
fibers. Figure g uiszlobes diially oiertedifitidrs throughoubtbel endirety ohUIshaped ent ed
fibers. 10 Fi gur,e, 12 discloses a flow tube having both axially and
ci r cur nf er enttib@s gf a Coriolis HQWPRIET; i per s. Fi gure 13 discloses a

f4ow tube having Hhpes aséIssEsrcuniferentigflbrichtéEtibers throughout the enlitedyr e 14
di scloses a flow tube having a circular interior and an oval exterior’

Fi gure 1|5 di of Lbshaped flovotubes oéa Coriolig flewmeterul ar hi nterior and a
15 ex 1 Qr. . g I 3G w
{bes havihg i rr oS UB| P Hissieses Sepplsy o e (haYRE buf!' Bkilty Cand ©

Fi gures 19 angrcdffdrensiallystiehtedfibegsges contai ni ng enbedded fi bers.

DETAI LED DESCRI PTI ON 20 Descriptions of Figures 1 and 2 . . Fi
1 illustrates theFiguresikdiselases asjraight fiawiba having circumfenentialiyeriented
havi ng a premg zed interior portion 104. This interior pressure generates
a radially oriented force 102 on side wall 106. Force 102 tends to
push tube wal |l 10Figure 11discleses afiaiv febechaing axialcondgntedfiberal stress 107.

The interpal pressuyre can. also 25 eperate.an axially oriented, stress 103.
G rcunf er&ﬁt i al | y%"f’@n@ﬂ'%‘f’?ﬁ%? ﬂfgv]?qieaﬁavm b8 %&?‘Yya?‘éc} §'V?W{,eée'ftﬁ’iy of
the axially Qjricpdebersr ess 103 for a given internal pressure.

Figure 2 illustrates stresses that can be induced in tube 101 when it has

bendi ng | oads L1, Figuredd discloses a flew tube having fipers ipsenteddntogmdewhle hetix.of
tube 101 30 .basn i . L3,
e 100,30 20 Dol MBI DYt 150k LI o AR B B |

center plane 204 Wigure 1&adiselesss a flow tube bavieg a cirodiar interivt @add rfectangaldrower

tube portion. Tensile stress 203 varies in
6 P 18 e);[er?or.

gure

Figures 16 through 18 disclose flow tubes having irregularly shaped interiors
and exteriors. -
Figures 19 and 20 disclose flow tubes containing embedded fibers.
DETAILED DESCRIPTION
20 Descriptions of Figures 1 and
Figure 1 illustrates the stresses that may be induced in a straight tube 101
having a pressurized interior portion 104. This interior pressure generates a radially
oriented force 102 on side wall 106. Force 102 tends to push tube wall 106
outward and generates circumferential stress 107. The interal pressure can also
25 generate an axially oriented stress 103. Circumferentially oriented stress 107 is
approximately twice that of the axially oriented stress 103 for a given internal
pressure.
Figure 2 illustrates stresses that can be induced in tube 101 when it has
bending loads L1, L2 and L3 applied to it. When the ends 105 and 106 of tube 101
30 are bent downward by L1 and L2 on Figure 2, and upward by L3, tensile stress 203
is induced in the portion of the tube above the center plane 204 while compressive
stress 202 is induced in the lower tube portion. Tensile stress 203 varies in
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magni tude fromzero at the center (neutral) plane 204 to a maxi num at the

upper peri phery of tube 101. Conpressive stress 202 varies in

magni tude from zero at center plane 204 to a maxi num at the | ower
extremty of the tube 101. The force 102 and stregsy, éﬂ% sed
by the mternglogﬁ?ﬂgure of tube 101 5 are not shown on Fi gur %ver

if the tube of ure2 is pressurized an l% t hen bothh
pressure gene 6‘37@58?16"7‘%"@'(193”@) plene §§t‘? ﬁé'"ax'm”"b%tﬁ & NgPer
gener at ed s”g@g&ierg%?u?d@ﬂ?@?’f:gﬁf @Sﬂﬁss'ﬁﬁﬂ\}&ﬁe gpitude 5 Serd bt ON

of Figures 3 I scl oses the de ectlons to which
t.he fl ow t ubesenter plang20ddb a:maxlmum althe bwenexttamityoofdhe tiljeet@td when in

use. Flow tubes 308 a fixe t thei . lower leq e re' | es
to circular faces ih hﬁﬁgﬁzﬁ@ 38 ‘@b’ﬁﬁq ﬁgt%m&erﬂgﬁrﬁﬁﬁe of by q{n
flow't ube mANgEOhEL Sivn BAFIgUre ZJSHowbvéﬁiftﬁé Woﬁﬁgu@nzi is ﬁ@sﬁwwrmwﬁm
are affixed \?\% hol es 313 and bolts (not shown to a supé)g%acondwt (not

shown) enk them lbsth #h%ﬁ&ssgﬂﬁgese@mwmsbw7b haswel amthes 314
to an exit copnduid 1 ) 308 and 309 are .
defl ected out Bst'Bﬂgggemsag&% 2603%]2(?:9 aﬁ%@ﬁes&bﬂ“’tﬁ#mrdl y and
outwardly al omsbmg'df@gg@a S(ﬂndantrow 312. This deflection is ' -
generated by a driver simlar ver D shown on_Figure 5. Thi L
deflectlon causes F!QH’GY:PQW“[%GB% et‘{?ﬂﬁg!ﬂ!'sé%wglchéh%ﬂ%ﬁ‘lﬁ?ﬁ"’i?tm'caim'%%s
306 and X ae\gn\@?érf&etéﬂu%sécté@waén h&u%@nﬁ&wuseébba%achdgoarelf&ea laag?eir |

sur f aces 3 307 [ ow tu and 309 assune an undefl ect ed
position as rigwerdsgexitenities to circulaefaces of membien 366 and 367 dormpdsing @ postion | | on

P pen 505 wng Otk bbb haffiy 363, Wfer trluse, intet 1ARHe 365 R8s Ehentie s

t ubes nust nOhréJﬁffbtadLByyhaésBﬂ3léhdt$tﬂisr(nbt)§l@6wﬁ)€t@ aoaﬁrsplpaéndu:n‘ (n‘oheuown)
were they woul d be unable to generate sufficient deflections in response to

Coriolis 25 fu$hiesuligflange 30555 capracted by bpitsihevahholen did tnanexik cardyibns .
The nmeasur ot sho n): L«n@bhwasgfmwb{% éﬁémﬁé S FIneELed it bf@afsb%ﬁ ubes

308 and 309 are per a right sensor suc
el ements RS arekpb&tofeaéhgthenrﬁvarﬂlymd outwardyeahmrtbe direction\of birowr31@n Thisiner ,
detect the relative vel oci

Cotn ot hor . THBhagtindS dhetdiefliby’ & frivar amySt oL SiNer Q) show o0 HIBSRPE ST o
to the gener afeflediohi ctluses tie fiGW tabité tol endEbdut b Pivio? Point awsﬁmsfa‘oetém

material in the fl ow tubes. 7
307 where their lower leg ends are attached to circular surfaces 306 and 307.

20 Flow tubes 308 and 309 assume an undeflected position as represented by

their solid lines and a deflected position as shown by their doited lines 310 and 311.

The deflections of flow tubes 308 and 309 are termed the out-of-phase bending

mode. The flow tubes must not be unduly stiff in their lower leg portions. If they

were they would be unable to generate sufficient deflections in response to Coriolis

25 forces for the flowmeter to perform its measurement functions. The measurement

functions of the Coriolis lowmeter and its flow tubes 308 and 309 are performed

by a left and a right sensor such as elements RS and LS of Figure 5. These

sensors, in a well known manner, detect the relative velocity of the two flow tubes

with respect to each other. The phase difference of this velocity signal is

30 proportional to the generated Coriolis forces and, in tumn, to the flow rate of the

material in the flow tubes.



Figure 4 discloses the Coriolis flow tubes of Figure 3 being subjected to
| ateral deflections in the direction shown by arrow 322. The solid |ine
represents the normal and desired position of flow tube 309. Dotted
i ne 310 represents one extremty of the undesired |ateral vibration
nmode of fl owWQMd2¥89. The out of phase 5 bending defl ecti BEEUSNMESFure 3
are a desirable vibration node of the flow tubes. The | ateral

vi brati on node of Flg'ugemedis‘lcllbseaﬁh\ee@dmidis fb)lwdtqblescmd-'egumcﬁ beinfsubjected to

i nf ti Thi | . f | t b
Undesi rabl e 126l pafedions iy ird dechtn ShOMR by ARILEEE  the SOl inereprasaRs 1 o | <
f Fownret er 30?!1@13dmih¢and desn%&b@iﬁ&ﬂbﬂﬂbwﬂ%é 309. Wottedlihie 310 represents on

DESCRI PTI ON OF FI GURE nbodi nent of Fi uregls S|m7ar to

that of Fi guueastr@néx@fetpe undesirediiateral wbratmmodefofdawt@bmse%a?he( owutiof phasen)

surfaces cl ally
oriented b %ﬂagggﬂeﬂhﬁoﬁi&%ﬁﬁ@u a‘{grﬁaé) ég&ﬁ%&%{bﬁheﬂopo%&é OHF' @“‘@ﬁst I es
of the |egs MMBVMlmhmoUem}’t Figafe #hie Uiredissirb® enhd pAiuces iy Q¥éfmt e 15
sensors LS and RS. Th 501 and, 502 are covered on their front and

rear su m farmation; ¢ h' ﬁ'ie&?' I"&”‘ﬂﬂq"éﬁ?%l'sf'"wg insthe flovytubes by mngesirablgys 503
and 504 are orscg}eﬁrag%&éb E\H@K/fbrétfo‘?&tto?ﬂﬁcl{ﬁ%r E%&ﬁn&g ??’Eer’?%%e

oriented flbers 508 and 509 aX|a orlent
507, 508 and sbbjecteddowhenfinwees (not shown) on the rear |eg surfaces

irrpart agiiffness to the |egs U Sipl tiffness 20 raises the
resonant fTequency of flow tubggHj thﬁﬁf%lbﬁ%i out - of - phase

bendi ng (dri ve) mvﬂe emiudimencofRigae 5 RSSinmaF td that BEFRIré 3 SREBE thakthe
desirabl e provi de increased frequency separation between the drive

frequency an!P"ﬁ\' eﬁ"?‘nt and reardnek shown) swifases of legs §8h hrauahi504 aretoveradawithe

nbi ent d
T oquenc oo ot AGEdE Rty “Chisrtéy fibers S08"SfEhEh b0 WERIL A I lawep, o
Hﬁ of nﬁc powextret r]:'ntles of the legs upwards along the length mf = o8 Tth %ﬁﬁoflhp%fﬁlﬁt f lafe
Tee0|no ur of Figure n that flow
t ubes 355 %ﬂ{ﬁﬁg%é’dﬁ%\éf lrg? Eeé{PF éoiiﬁﬂé g@%? eof{]ﬂ" glﬁl" fraptanddeer si e -

l egs 501, 508udaées with g LiRAted ﬁ&ergrsoerﬁddlssr aﬁi tl g9508 UrfRds(34 BF S 601
and 602 on their |eft S|de9| n 30 addition to axially osrllented flsé)erggéon

thei r unseencpyemd opitheis frontand regrsudacrs widhyexially onemed fibers 508carfdb508d Wi t h

inseen 11 ber o on THSRRaN obrREf o sOR, Sa¥; e pfé 5B e K hepe otBhowff o

8 on the rear leg surfaces lmpart a stiffness to the legs. This mcreased leg stiffness

20 raises the resonant frequency of flow tubes 308 and 309 for the out-of-phase
bending (drive) mode. This increased resonant frequency is sometimes desirable
to provide increased frequency separation between the drive frequency and the
frequency of vibration generated by undesirable ambient conditions in which the -
flowmeter is operated such as frequencies generated by pumps, adjacent

25 machinery and even the 50/60 Hz of AC power.

DESCRIPTION OF FIGURE 6
The embodiment of Figure 6 is similar to that of Figure 5 in that flow tubes
308 and 308 have side legs 501, 502, 503 and 504. The left side legs 501, 502 are
embedded with or include axially oriented fibers 601 and 602 on their left side in

30 addition to axially oriented fibers on their unseen right sides. The right side legs
503, 504 are formed with axially oriented fibers 603 and 604 on their left side as
well as unseen fibers on their right sides. The axially oriented fibers of Figure 6

8



I ncrease the stiffness of the flow tube to | ateral novenent of the type
shown in Figure 4. but do not substantially increase the stiffness of
the side legs with respect t o out-of - phase bendi ng defl ections of the
type shown in Figure 3. Thus, the enbodi ment of Figure 6 _provides a
flow tube str¥NQWSPhat has increased lateral 5 vibration ?FEIH but
that does not affect the vibrational frequency for out-of- phase

bendi ng. The findreasepthecelifingss of dnflow tubgyln laterakmavementolsiettee shawndhcy
separation bety 4W ﬁ&%uﬁ%nﬁﬁl&ﬁf&éa&%é Sﬁﬁsﬁqgg oFBfSSde legs with respect

DESCRI PTI ON gure cl"oses a pal
subst anti al | y td'cuitapptaté tentingatefizdfiorrsof fHeltype shioamni ingFigureaB) yThus, ding ed

side leg fibers 701 and 702, top portion fibers 703 and 704, nd right
side leg fi ber%“mnﬁﬂhoﬁggmeﬁlgg%"‘[ﬁﬁ 3 flovy tiha Snichirerhaidias increased later
entirety ofgfl 2 yag,gi( | | i - to
the flow 5 vﬁfg{égp?%ﬁégﬁ m&gg@%ﬁpg%’fﬁ%?é %ﬁ%ﬁﬁgﬂ%ﬂgﬁ%&f{){) - phase
bendi ng node @habeé bending. The filserplaceiant shewn indsiguned ¢ant increbse tHerfeaguency
node of Figure 4. Thi onfiguration also,l i.ncreases the stiffness of
the flow tubeSeRP °P§§§'é%?" &% W& %Té’g?feéﬂ d%g??tfﬂ"i'?o Bt ces gener at ed
in response to material flow t hDESORIFRONOEPFIGBRET®Y are vibrated. This

i ncreased stiffness is sonetines desirable to provide a higher drive

frequency as \igure Z dlisclpses apainpfsubsiantiglyrdshaped flow #8anh309 he
fl ow tubessd 0 r . : | . 4

frequenc: ot 1 PESRBiEAIR Bkniod sideiBR Ao ct MR, IR BudHicRt B33 704,
surroundi ng mandi right gidedeg fibers 705 and 706. These axially oriented fibErSGuriBlh@ithéor

FI GURE 8 . ' ' fl ow. tub 308 309 d i
their enti ret PPty phiind oes S8 338 30r pBtide Perasss 1P Siffess i v
respect tot hgtrﬁém‘gi‘ aiRbaes ofvibratioh inbiéhﬁirfg' tﬁé"out-ofl-pﬂaﬂg %gn%i}ﬁ? fhode of Figures

circunferenti orientation of the fibers has alimte ect on the 25

stiffness of t&md%aeweluasn?e_ atgrelibrationat ynadenf F@ufeénd;msgmwmnmllso )
Phe vl 1s 1 Frn e s BEl di/ unddbunebboct IR eiRg fhrosd Y © |

.pressures thagenetdtet ingespgunseds matarial flow tavugh the tibsseasthey b vibrated el His
t hi ckness but not contagjning the circ rsrinc rentiall riented . fibers.

"This enabl es 1"!‘?5?\?%%‘4 negs “_é"é!!‘_‘? °tp_r'|'Pde 8 'lﬂr@"\)(ﬁlf'leguﬁw ag
enhanced sensijdivad ¥ fife it ﬁ%rd#ﬂréﬁbrf@ ﬁgﬁ?enc%QBﬂh%@wPHb‘éﬂrtﬁfcgpﬁgﬂébﬂ ly

‘oriented f1bers 807, 808 have on Imted effect on ben _
stiffness, fl sepauethesdssirabEooperational frequendies fromethe nipdesipatile ffregyendies e

being abl & 0,000k al By RRBCLurkUnitPnaBhREREEES: o1 on o i GURE o
DESCRIPTION OF FIGURE 8

Figure 8 discloses flow tubes 308 and 309 covered in their entirety by fibers

807, 808 circumferentially oriented with respect to the longitudinal axis of the flow

~ tubes. The circumferential orientation of the fibers has a limited effect on the

25 stiffness of the tubes with respect to any type of bending. The main purpose

served by the fibers 807, 808 is to increase the capability of the walls of flow tubes

308 and 309 to contain higher internal pressures than would be the case for a flow

tube of the same wall thickness but not containing the circumferentially oriented

fibers. This enables flow tubes to be used that have thin flexible walls and

30 enhanced sensitivity to the Coriolis forces. Since the circumferentially oriented

fibers 807, 808 have only a limited effect on bending stiffness, flow tubes 308, 309

have a high flexing capability while being able to contain higher internal pressures.
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Figure 9 discloses a pair of U shaped flow tubes 308 and 309 whose |eft
side legs 901 and 902 and right side | egs 905 and 906 have axially oriented
fibers 909, 910 and 913,914. The entirety of tubes 308 and 309 i ncl ude
circunferentially 5 oriented fibers 907, 908 and 917, 918.

The axially QWOBK2BW fibers stiffen the side |egs for |ater THEWNSHF as
shown for the enbodi nent of Figure 6. This raises the resonant
frequency of the flow t ubBESCRIRTION OQF RIGUREY node vi brations. The

cnhancenent | unct FERAAECIPRER b aairafRbated flob e S4ignd 306 fripseden

DESCRI PTI ON' e ibg4/8B1 Ad 902 and right sid& |4 '9D5 dha DB R RO Ay DHenter it | Y
straight flow tubé structure 1000 whose outer surface 1001 i ncludes

nul ti-layer S09c810 endfi3. 814y Theientiretyioftubes 308 andi309 includpidyoursferentially

provide ingcre ' nd a limted increased rigidity 15
to the st %ctﬂ%@%@ﬁﬁﬁ%ﬁ?h@é&ﬁ%@wﬁcreasgd sensitivity and increased
si de wal | f | epristzixially wribnted fibes\stiffeh thesile sps! foElatetaFberfdime s sAOWR t hi n
to achieve the desired flexibility. The | ayers of circunferentially
ori ented fi bdpsthepembadimentaf Figute Be g majses the regepant freauepey of thecflow

Cai (o . B ) : .
cingle | ayer HPES I atery) ekl inBig erdlics e choiritefbitehl bricia thers °,
20 accommodgirevile ghpressurteccordainmest ethancement Sunction dfidoe limitéd &noomt ofi t her -

be a{é‘i xed toé outer surface of sleeve 1005 or may be enbedded in
an outer yépcrease g Psi ng fibers 1004 and a suitable matrix materi al

such as a clear gl ue. DESCRIPTION OF FIGURE 10PESCRI PTI ON OF FI GURE
11 Figure 11 discloses a flow tube 1100 having a left end

portion 1104, wal [Figurs 10dispiosgs@ saestantiglystraiphtdlow tubestruciure 1806 wiwse and
rear surface . T ' |0, f tube
1101 surfac esbell";t %’O%%l?é%%ggnqﬁ q’?‘ﬂ%d%sl H\eu mv-va‘gﬁflg bpﬁjrﬁfeﬁ-ﬁ%ngldgﬁgfeg? ﬁé‘%’%e{g&'
limted anmourRibers 1004 pxividedncreased presslire gontainthesnt end a timited iricheased rigidity pe :
shown in Figyre 2 .in.,a dirgctjion i ndi cated, b rows 1106 and 1107,
Fibers -ﬁl’gtll?@}" ?‘Iﬁt"‘r“éfss:é‘f%{@Pd@%r}ﬂ'l‘%?ﬁ%ﬁ%‘éﬁ{é{maf'ﬂmcé?ﬁﬁ%drﬁ‘#%%ﬁ t he
resonant freqeibiity itlachidved # mikifg the ff?grz Qbé@&ﬁb@‘t%f&ﬁaﬁ%gfﬁsﬁe he

pl ane of the fibers 1102. Fibers may either be affixed to the

‘out er - sur f acdlexibilify | Thellayars 6f ciraynferentiallyarigated fibers 1004affixeg to sidexg 4005
‘ig”pr I sing fih6lide Aitestne contiihleAPhunclig." @%ﬁ%%&lﬂﬁiﬂ%ivﬂy low;
Figure 12 shcansingld layer fifibers2000smayrgufficesi didditidrial 13@rs sy bé added to

20 accommodate higher internal operating pressures. Fibers 1004 may either be
affixed to the outer surface of sleeve 1005 or may be embedded in an outer layer
comprising fibers 1004 and a suitable matrix material such as a clear glue.

DESCRIPTION OF FIGURE 11
Figure 11 discloses a flow tube 1100 having a left end portion 1104, walls

25 1105 and axially oriented fibers on the front and rear surfaces 1101 of the tube.
The fibers on the rear portion of tube 1101 surface are not shown. The side walls
1105 alone provide a limited amount of resistance to a bending or deflection of the
type shown in Figure 2 in a direction as indicated by arrows 1106 and 1107. Fibers
1102 increase the side wall stiffness and thereby increase the resonant frequency

30 of the tube in the direction perpendicular to the plane of the fibers 1102. Fibers
1102 may either be affixed to the outer surface of wall 1105 or may be embedded

in an outer layer comprising fibers 1102 and a suitable matrix material.

10



portion 1204 having axially oriented fibers 1202 and circunferentially

oriented fibers 1203 affixed thereto. Sidewall 1205 of tube 1200

provi des an increased resistance 5 to bending by an anpbunt related to the
t hi ckness of the side walls. Side wall 1205 al one al so p&w‘#q@ﬁ%g
pressure cont WhMEIBIOf uncti on by an anount related to the | ss of
the side wall and the material conprising the side wall. Additional

pressure containnent is provi deDEBﬁRlPTIOM’DHEIGUHEH? oriented fibers 1203
whi ch may incl yde a r S be desired to dat e the
expected 10 wor ki AgPHP E%ﬁ?‘@z? aaf%m gﬁ’eﬂﬁhﬂﬂﬁg |ass'gﬁl¥f%'cf%a AR |y
ariented fi bengyoH%04 havir rE%ﬁl!?oﬁéhté@ﬁBé@%de Eﬁﬂ‘éii’d!ﬂhfé?énﬂnéﬂﬁ‘&ferﬁéﬂ fisks t ube
in a direction perpendlcular to | ane of the fibers 1202. Fibers

1202 do not aff283taffixed thereto. tﬁlq!ewyll 6205 Qfmbelm pravides an increagedgesislancer ns

f1 ber o 12075 prtd pefidfaitg AR S iR b inBRoss i Ao wate- SR AT 1208,

15 tube bendigigne alse ptovidetal sressuee penthirnémt fuhstion! sy & afounb tblstedrtolthée
surf aces containing fibers 1202. The fibers on the back side of tube .

1200 are not dhistipessof the sida wall @nd the material comprisingthe side wajl. Additionahe
afrfixed to t h?rgéglﬁé cﬁHfairﬂ'ﬁé'rger g;d{%g byﬁgglﬂﬁglﬁ}lﬂgﬂy &fed?@d’ 4 ﬂ?%ﬁel%gqﬂﬁgh' n

an outer |layer conprising e matrix
mat eri al . 20 may include as many layers as maDIBS(zlusir‘Ed(tnl acﬁomhﬁdare i expected

Fi 13 fl b 0 . 130 d de .
vl S50, T workiog piersuli Boricte e 128B  sutfedied o S Hiehikatndirs 102" ¢
helically m?ah%ntmeés&m@dﬁﬁ%ﬂa@s% té&ﬁétmwaldﬁeawnapéiﬁamu&la%lme The

helically orien bers include a conmponent in the circunferenti al

direction as wdane @féhafb@fﬁﬁ(?ﬁgnflbzﬁ 1202 tﬂmeotasﬁest thaiflexibilityoef tulre 4260 i &0

dependi ng upo 0 ure
cont ai nnent fﬁﬂézggo%g‘st%eé(ﬁ@r &y urﬁgerer‘#{agﬁmggn%sogﬁé%h?j‘ EIdeﬁ'g\?\%

a stiffening fumé\jep,rf%mumz pmgie sri;gn@danftbmsedtngldnlymrﬂa'gastamd:e agblrtdtllel g
ressure contaln nt functiop apd the stj ion can pe controlle
by the 15 2 ube Bancingin,g diecham peReslauar e g THELATK o u0S SUBRERS
bending stres fdfn‘il 1‘2@25Tﬁgﬁ5&§ on4hE bhex E%%‘f fube 1200 are not shown in

DESCRI PTI O\I egur es hr oug
il lustrate ot Hdgureli@w Elbblts t?@ﬁfangaﬂa&maysesttw be affined tasthe outer;aun‘ace phfiow of

1401 having. a WY 1801 B Rek §Esmineludin dh dneetayd Rofpudig Mhdls {262 120 Eng
Figure 15 5 4 ébitable matrix matesial angul ar fl ow tube 1501 having a solid wal |
1601 havi i@ an I rreqular shapedDESCRIBTIAN B AIGIREY3S oo body por 1 on
1602 and a circul aFigik 98isRbws G4idw tube 1300 having a left end portion 4303 and a side
wall 1302. Surface 1301 of the side wall includes or is covered with helically
oriented fibers 1304 and 1305 comprising a double helix. The helically oriented
fibers include a component in the circumferential direction as well as a component
25 in the axial direction. Therefore, depending upon the angle of the helix, the fibers
provide a pressure containment function due to their circumferential component as
well as a stiffening function due to their axial component. The magnitude of the
pressure containment function and the stiffening function can be controlied by the
angle of the helix. This double helix prevents pressure or bending stresses from
30 causing the tube to twist.
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Figure 17 discloses a flow tube 1701 having an irregul ar exterior wall
portion 1702 and a hollow center 1703 having a wwdth greater than its
hei ght. The flow tube 10 on Figure 18 is simlar to that of Figure 17 in
that its external configuration of flow tube 1801 is irregular, it has
a solid wal | W@¥WA23Md an irregul arly shaped hol | ow i Nt BETYBITNEBS whose
width is greater than its height. Fl ow tubes 1701 and 1801 may
be used with strain gaugBESCRIPTION QBFIGURES 14THROUGH 48hei r i nt er nal

. Th h I

P rerenses. the norigiregiatiobdlde ilBieRsoheEaog s q?é‘onﬁsawﬁhgié”bsepanas and
h

stresses t e;tri reifals Grahddivention hiaybe appiRd! #idilr I angmlggrgzé%rf& Wﬁﬁ' or

portions 3 and 1803. Stral n gauges 1 I xed to t
fl ow tube wal 1491 havingg-saligiwalt 192and=a cirailar antetonsyossseatian |14031eFlgurmﬂ50n

lemont s 1 odikEes, 8 s808nBuar fiow dfle 8ol g R0 WHICTRYY S Bisrentar,
that the hol lipleriont 503. 0F|gl«?6368d1§bld§i£k'3a gowdubé 11601 havcnw PR shapbgcul ar

shape and the rrea%ur ed st r dgr adual Ig | ncr eases wWith I ncreasi ng
i nternal pres3{e aving a solid portion 1602 ang-acitcylar inferigr 1B0BURES 19 AND 20

Figure 19 disclos Jﬂ%q

outer surface is m@eﬁnggvﬁidtégﬁ BB€ hg‘”?@%{]ﬁ‘: s%i%he%ﬁpﬁamﬁn19o4
and an i1M02randra oW denter 03 having arvaﬂﬂarg’reétef thansits helight Thedvartub@01
has circu ere ed fibers 1903 tg praqvide

i ncreased'Y nt%Y Hgﬁ‘rep{%@M@aréB re%flcﬁlﬁqﬂrgqg in that its exjemal configuration, of fipw
1900. El enenttuwaeousstrmguldrnmhaw saterwall 1bezghdja9piireguﬂny sha Iﬁﬁofwef

surface of l|ayer 1904 ure 20 discloses a Straig ow t ube
2000 havi ng anteagt@Dawp@emn!sgreatamm@ts)m-ght surface is 2002. The °

t t f e t
sgnter portion of pidiPuned 7ol ana BT IR, BE\Gel with strain aapges 1704 A 4PR4 2003
le: _rrbeddecli 2paL ablméasfv.ive uh?r l|)ntr=>rr?al pragsuras. I’T:hbd@%ergtmf |sI éhmstu thabas the internal -
i gure ows a f|ow tube i ber are
ot o 15 BBedire InbthAsER 1 RelgBbAT R TG Aorics of dheBpw Sihes exmandsiandial |
oriented 5 as‘ireﬁ&%’\he'ﬂbwﬁbﬁé'%ﬂ PBrtions lmmedlatel¥ bbc)\begaﬁd)b%mﬁﬁ@nﬁF?ﬁﬁﬁtong : o

understood that the claimed i nvention i s not

. description df708ren 1803, r Siraimbauger:AT04hand iddreiixackto thenfiow tube walls -
- nodifi cati ongyegds Md Efrdld ettell by iHe Wifs JSBRRaRA ar?doééﬁera%fot}t;r;& s'ugnr\l/a gtive

concept.
indicative of inner pressure. Wall elements 1702 and 1802 are advantageously

20 geometrically designed so that the hollow interior 1703 and 1803 gradually:
approaches a circular shape, and the measured strain gradually increases with
increasing internal pressure.

DESCRIPTION OF FIGURES 19 AND 20
Figure 19 discloses a flow tube 1900 having an outer layer 1901 whose

25 outer surface is 1902. Flow tube 1900 further includes an inner fayer 1904 and an-
interior 1905 through which material flows. Outer layer 1901 has circumferentially
oriented embedded fibers 1903 to provide increased intemal pressure containment
capabilities of flow tube 1900. Element 1906 is the inner surface of layer 1901 and
the outer surface of layer 1904.

30 Figure 20 discloses a straight flow tube 2000 having an outer layer 2001
whose outer surface is 2002. The center portion of the flow tube through which -
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For exanple, the principals of the invention are applicable to flowreters
having flow 10 tube configurations of any type including straight, curved,
U- shaped, V-shaped, i rregul ar shaped, as well as the specific

configurations _disclosed herein. The principals of the {nv ' are
not linited t VOBMM% | ow t ubes. They are equally app! i kﬁyﬁg&}f‘g&ﬁ ow

tubes having a rectangular, triangular, or irregular shape.
13 material flows is 2005. Outer layer 2001 has fibers 2003 emggg@epq paialieldndhe -

20 Jan 2000 CLAI M5 1.
FI ownet er appa!?'aq'ﬁ"g"}%\? ﬁOfF?vc\)'vtvu? ube nmeans (308, 309) for receiving
Figure 12 shows a flow tube having embedded fibers that are

circumferentially oriented as shown in Figure 19 as well as longitudinally oriented
5 as shown in Figure 20.

ltistobe expressiy understood that the claimed invention is not to be limited
to the description of the preferred embodiment but encompasses other
modifications and alterations within the scope and spirit of the inventive concept.
For example, the principals of the invention are applicable to flowmeters having flow
10 tube configurations of any type including straight, curved, U-shaped, V-shaped,
irregular shaped, as well as the specific configurations disclosed herein. The
principals of the invention are not limited to round flow tubes. They are equally

applicable to flow tubes having a rectangular, triangular, or irregular shape.
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flowing material, said flow tube d when in use and
further being deformable in respOnse to material flow while being vibrated,
said flow tube nmeans conpri sing: - This SheetaladBdeh RMylIGERNDEr ; and - fibers
(506-509) formng part of said hol oriented with respect to a
| ongi t udi nal WR9%12510 sai d fl ow tubgmu'&!ﬂk’ewﬁ&rol | abl y alRCAFUSSUISERH ed

vi brational characteristics of. sai 2. The

appar at us of WEACLAIM: wherei n sai d-fibers (807, 808) are circunferentially
oriented with respect t he | ongi t udi nal

f
said circunferentinl o %’HP@G’?P sﬁ'@?"ﬁg%‘f”ﬂé&ﬁ“@@"ﬂj‘ﬁﬁ% %6%59@3??1‘&“‘9

I aternal pre %?Fmo f

conpared to mﬁ% ow tubghinéedg%?ewgvﬁhgggfﬁ(jﬁﬁéﬁlﬁgg?g@ﬁﬂgieeﬁsﬁemg

3. The appadafomname |rn1eap¢ns3thmte1lalﬂ9mv¢hulraubmgswl(natm saidflpwdiube onganst ed
parallel to a longitudinal axis of said flow tube neans. 4. The
appar at us of qrap r%'l G'wher ei n sai d hol | ow menber (308, 309) is cylindrical.
5. The agpar at usa Rllow ﬁiembbrv&m ein said holl ow nenber conpri ses :
conposite anisotropic _materia 100& havi ng said fibers (1004) enbedded in
a matrix material .CHARACTERIZED IN-EHAP saldanparalus &yrtheicompRisesi n sai d

fibers (1102) are W
t ube nmeans to al teﬁry {M%@Z%hﬁ%méﬁ %gc?g%ii QI(?% sal 8@ Pﬁ@ﬂtﬁ%&;étﬂ
means. :@spectTdse Imgmdmwaxmbf sdidflow tubdmeans tccartrdliablgraitet &8eedar e
unifornly ﬁ chqed W|t zlgect to the length of said flow tube
means. vibratiohal charaglers %g tybe ;eansai m 6 wherein said fibers
(601, 602) are non uni for my positioned along the length of said
fl ow tube neans to controllably alter

2. The appaétus of claim 1 wherein said fibers (807, 808) are

circumferentially oriented with respect to the longitudinal axis of said hollow

member;
said circumferential oriented fibers being effective to increase the internal
5 pressure containment capability of said flow tube means as compared to that of
 said flow tube means when devoid of said fibers.

3. The apparatus of claim 1 wherein said fibers (601, 602) are oriented
parallel to a iongitudinal axis of said flow tube means.

4. The apparatus of claim 1 wherein said hollow member (308, 309) is
cylindrical.

5. The apparatus of claim 1 wherein hollow member comprises
composite anisotropic material (1005) comprising said fibers (1004) embedded in
a matrix material.

6. The apparatus of claim 5 wherein said fibers (1102) are oriented
parallel to a longitudinal axis of said flow tube means to alter the vibrational
characteristics of said flow tube means.
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the vibrational characteristics of only a portion of said fl ow tube neans.
9. The apparatus of claim5 wherein said fibers (807, 808) are aligned
circunferentially with respect to a |ongitudinal axis of said flow tube

nmeans; said circunferentially oriented fibers being
effective to WOOBMZMR t he internal pressure contai nrRGHWUIHEEBY | ity
of said flow tube neans as conpared to that of 5 said flow tube neans

when devoi d of sai?. fi bEves apparatus of claim 6 wtigdein fittersa{if8Rntare wriiforinlyi m 9

wherein said flq e, reans fur r .. 4CO i se fibers (501, 502)
ori ented par aPPﬁ‘}%@ with aequﬁbtptthafq{gth gfsaud nggﬁ% maans t ube
neans; said axially oriented fibers being positioned with
respect to porti ons of said 5 flow tube neans to controllably stiffen

and raise the vibr&tiorithe apparatuscyf enim Bewherein saidpiihers (6@1.0802)are Aanow

1 The appaPBRiEi:pogforil dotglwBlbfibEf sold iy utb e b 3mpotably glery o

helically w thg ibiibhaltcharditenstiog of only aeportion of sdid fewdubé meahsbe neans to

control the pressure contai nnent and vi brational characteristics of
said fl ow tube neans. 12. The apparatus of claim1l
wherein said hollo rrench?é' : ; '

(1005); and ¥ a n out'k’ ?f%‘ mé‘esvvé’h?rfgb%'d F belﬁggb %p%§V®

ani sotropic rraireumﬁkermaﬂy with we:gpect to a longitadidal axisoksaid ﬂow tube means; 13.
The apparatus of cl al m |10 r,.co

an inner sleeve (158§ 8&%’%’&"2 BSVW&%F&?N% nga%t'é%‘“g?ff‘f"'opi c
material (100f)edaand Etﬂwtémméni bbﬁtﬁﬁtﬁfo’f séﬂchdvpm ABARY as Ubrfr@ﬁ%dofo that of

out er sl eeve. 5010/ 04 a solid materi al

15. The a@paﬁﬁ@@%@bgl@ﬁ%sw%\@m%ﬁ'@lﬁbﬂrﬁer sl eeve (1005) is netal .

10. The apparatus of claim 9 wherein said flow tube means further
.comprise fibers (501, 502) oriented parallel to a longitudinal axis of said flow tube
means;
said axially oriented fibers being positioned with respect to portions of said
5 flow tube means to controllably stiffen and raise the vibrational frequency of the
portions of said flow tube means to which said axially oriented fibers are affixed.

11.  The apparatus of claim 1 wherein said fibers (1304, 1305) are aligned
helically with respect to the longitudinal axis of said flow tube sensing means to
control the pressure containment and vibrational characteristics of said flow tube
means.

12.  The apparatus of claim 1 wherein said hollow member comprises:
an inner sleeve (1005); and
an outer sleeve (1004) formed of composite anisotropic material containing
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16. The apparatus of claim1l wherein said flow tube neans conpri ses a
pair of substantially U shaped tubes (308, 309) having substantially

par al | el | ongi t udi nal axes. 17. The apparatus of claim
16 wherein said fibers (506, 507) are oriented parallel to a

| ongi t udi nal w®9812510 sai d u- shaped tubes and are positi oned POTIUS97)15885

| egs of each of said U shaped tubes; said fibers being

effective to stiffeg anmgéwe@amb%mabﬁatwmain §d‘@ﬁblﬁﬂ£ﬁ1eﬁ‘fbér'&8mpﬁses
portions of said tubes containi ng} sai d

i ber
appar atus of cl ai n@ninpenpieevs (108 Qﬂd‘afb@‘ll@f ?'S@YP fosmed 0&?@“903119 a]57dﬁ§l|'f!’63l3t§ned
ohly on front &%%
said fibers brerlﬁ%llaieﬁ@ggf Fé‘;' gé'd::ﬁyﬁ ?gaé fﬂ)éélcgg’?%{?é%éf h@f%%ets-o f%%‘gtggg%g‘r’%u ng
vi br ati onal frequency of the portion of said U—shaped t ubes containing said

fibers. he tus of claim, rein |df|bers
(807, 808) are 4.ci rl&ﬁﬁrmaéﬁﬁga ‘ﬁ?'"bﬁ\@h?f@!!‘ wﬁl pErlesve 100k is fermpdof
said flow tubgs é‘lfbematenal said circunferentially oriented fibers

bei ng effectlve to 1 ncrease the internal pressure contai nnent
capabilities of said flow tube means as conpared to that of 5 said flow

20, The. appar at ustdr I HPETEHE PLAARL 1Y BB s 'a'qaée%&é? s mafal"
conprises at |east one partially curved tube. The

apparatus of claiml wherein said flow tube nmeans conprises at | east
one substantially ¥raithg awaiaﬁumiélsumdowyerem said fow/toke megns comprises

Fiber s bei ng. BFFCE, vRLPETal I shad B0 LAH o8P Roliff Mietaptialy pavalel 7'

t he portlongmndmalaaxlesf | ow t ube neans containing said axially oriented
fibers. 23. The apparatus of -claim?21 wherein said fibers
(1002) are oriented circunferentially to encase said fl ow tube neans

for substantially 1he |'Bigappapatus of 6laim 16 wherein said fibers (506, 507) are oriented
parallel to a longitudinal axis of said u-shaped tubes and are positioned only on
legs of each of said U- shaped tubes;
said fibers being effective to stiffen and raise the vibrational frequency of the
5 portions of said tubes containing said axially oriented fibers.

18. The apparatus of claim 17 wherein said fibers (506, 507) are
positioned only on front and rear surfaces of said legs of said U- shaped tubes;

said fibers being effective to stiffen and raise the out-of-phase bending
vibrational frequency of the portion of said U-shaped tubes containing said fibers.

19. The apparatus of claim 16 wherein said fibers (807, 808) are
circumferentially oriented to encase the entirety of said flow tube means;

said circumferentially oriented fibers being effective to increase the internal

pressure containment capabilities of said flow tube means as compared to that of

5 said flow tube means when devoid of fibers or having only axially oriented fibers.

20. The apparatus of claim 1 wherein said flow tube means {(308)
comprises at least one partially curved tube.
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fl ow tube neans; sai dmrori ented fibers being

effective to increase the internalThisShetits@ean@ale.pr essure that can be

accomodat ed by said fl ow tube nmean ~24.  The apparatus of
claim 23 wherein said fl ow tube ne m i ncludes fibers (1202)
ori ented paral Wa91EW he | ongi t udi nal axl d fl ow t ube PCT/USSHLNESSS ;

said parallel oriented fibers being effective to stiffen and raise the
vi br ati onal f r@tuenDye apparatus df ictaimt iwbeneirosaid flow tube means comprisesThe

apparatus of claim2l wherein. said .fihers (1 1305) are al i gned
hgloi cally wit haﬁggﬁte?ﬂe ?@sﬁ{ﬂ'aﬁ%ﬁ@'ghﬁf%@&ﬁ@wf sai d flow tube neans.
26. The apparatus of claim 1l wherein said apparatus further includes;

a strain gauge (1804) affixed to a surface of said flow tube means;

said strain gauge bé-ng thespeparalus ofclaim 2t whergin ssiduihers (1023 ané odentedf | ow
e esurar® '© BEBREAL I Rrgithib HiPBrSaid ROk GBd MBaRl; o2 ¢ Tnternal o
Substitute sheet - <idfibersDbeng effective to stiffen and raise the vibrational frequency of the

portion of said flow tube means containing said axially oriented fibers.

23.  The apparatus of claim 21 wherein said fibers (1002) are oriented
circumferentially to encase said flow tube means for substantially the length of said
flow tube means;

said circumferentially oriented fibers being effective to increase the internal

5 containment pressure that can be accommodated by said fiow tube means.

24. The apparatus of claim 23 wherein said flow tube means further
includes fibers (1202) oriented paraliel to the longitudinal axis of said flow tube
means;

said fibers being effective to stiffen and raise the vibrational frequency of

5 said flow tube means.

25. The apparatus of claim 21 wherein said fibers (1304, 1305) are
aligned helically with respect to the longitudinal axis of said flow tube means.

26. The apparatus of claim 1 wherein said apparatus further includes;

a strain gauge (1804) affixed to a surface of said flow tube means:

said strain gauge being responsive to internal pressure inside of said flow
tube means to generate an output signal indicative of said internal pressure.

27. Flow tube apparatus having flow fube means for receiving flowing
material, said flow tube means being adapted to be vibrated when in use and
further being deformable in response to material flow while being vibrated, said flow
tube being formed by the steps of:
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27. A nethod of formng a flow tube for flowreter apparatus according to
claim1, conprising the steps of: formng a holl ow nenber; and
associating fibers (506-509) with said nmenber with said fibers being
oriented to controllably alter selected vibrational characteristics of said
fl ow tube neawme 98/12510 28. The nethod of claim 27 wher ePCTE8SNLSSESher S
are enbedded in a matrix material (1004). 29. The method of claim

27 whereirg said fifoﬂﬁiagalmllow memmbdr:mdal | el to the |longitudinal axis of a
substantial ly strﬁﬁ;ht h nﬁ, ostlffen and rai se the vibrational

frequency of the AR‘?)G SATosidertand insludes Hioetepand axially

ofiented fibers hp% ers
are positioned nora]\s%oncll?ﬂnpnﬁgrs (ﬁgggoﬁt @ﬁe@ﬁ@tﬁ?asal g%&f'ﬁ%b n&ger to
contr ol | abl y talcontroliabty aitdmsebictadwlbrahanamaracwnsuss of said figwaube nigans. of

sai d hol | ow menber associated with said fibers. 31. The nethod of
claim 28 wherein said fibers are aligned circunferentially with respect to

the longitudinal 2gis ‘Pﬁe%ﬁPQrd&Qé bmélmia%emn B 6 Bf fdiirl s;
pressure contai nnent capabilities of said hollow menber as conpare to t hat

of a menber devoi (@hebﬂemf&meﬂdmg said fibers in g3 patricmaterial (040 cl ai m 27
wherein said step of form ng conprises the steps of: formng an inner
sl eeve (1005); and form ng an outer sleeve (1004) of conposite

ani sotropi c mater2gl i Thé appagteedtclainb2y wrmém ssial sle® of RIrmirlCeVApisishJ
affixed to the outer surface of said inner sl
the step of orienting said fibers parallel (506—509) to the longitudinal axis of
a substantially straight flow tube to stiffen and raise the vibrational frequency of the

portion of said flow tube containing said axially oriented fibers.

30. The apparatus of claim 28 wherein said step of forming comprises;
the step of positioning said fibers (601-604) non uniformly throughout the
length of said flow tube means to controllably alter the vibrational characteristics of -

only a portion of said flow tube means associated with said fibers.

31. The apparatus of claim 28 wherein said step of forming comprises;
the step of aligning said fibers (807, 808) circumferentially with respecttothe -
longitudinal axis of said flow tube means to increase the internal pressure
containment capabilities of said flow tube sensing means as compared to that of
5 a flow tube devoid of said fibers.

32. The apparatus of claim 27 wherein said step of forming comprises the
steps of:
forming an inner sleeve (1005);
forming an outer sleeve (1004) of éomposite anisotropic material including
5 said fibers with said outer sleeve being affixed to the outer surface of said inner

sleave. T
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