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be expressed by the follow ng equation:
5 Application Serial No. 09/326,949 filed June 7, 1999, which claims the benefit of U.S.

Provisional Patent Application Serial No. 60/111,504, filed December 8, 1998.

BACKGROUND OF THE INVENTION
1. FIELD OF THE INVENTION

The invention relates generally to a mass flow measurement and control, and more
o particularly, to a mass flow measurement and control device based on the Coriolis force

effect and having an integrated flow control valve with associated sense,” control and

communication electronics.

2. DESCRIPTION OF RELATED ART

Mass flow measurement based on the Coriolis force effect is achieved in the

15 following manner. The Coriolis force resuRS in the effect of a mass moving in an
cstablished direction and then being forced to change direction with a vector component
normal to the established direction of flow. This can be expressed by the following

equation:




Where Fc (the Coriolis force vector) is the result of the cross product of
.M (the nonentum vector of the flow ng mass) and cv (t | a | ocity
vector of the rotating coordinate systen). In a rotat Hﬁé:%ga%t%?r?é?he

angul ar velocity vector is aligned along the axis of 5 rotation. Using the
'"Right Hand Rule", the fingers define the direction of rotation and the

t hunb, extended, defines the angu‘[a?r Vel ocity vector direction. In the case

- of the typical Coriolis force flow sensor, a tube, through which fluid

flowis Lo bwhast BBl denesrioksStond Pickbgds h kel ik Uit frolihe! 2 ENGRE OF
one or nore | oops. e |l oop shape i1s Such that the mass Tl ow vector is
directed in opposite directions_at different parts of the |l.oop. The io tube
| oops may, fBIMIRURYEEor pithe flowing muss) and o t(thempnler valoditivgetonef the rotating a”
“shaped or <coiled. In the special case of a straight tube, there are two

si mul t aneousoardimdteasystieal)oci ty vectors that are coincident to the anchor
points of the tube while the mass flow vector is in a single direction. The
~angul ar vel ocity vector changes directions since, in a vibrating system
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time, the Coriolis force is acting rn opposite directions where the nass
fl ow vector §58ki0h NEisift @{'!}{ It Y. [s e directed i.n opposi.t
di rections. %%nlge' tgﬁegg%lgu r%aglﬁgl:%t yﬁl\%tééé'g%rP dle ec‘gﬁgl’%%‘f’wff%fz‘ﬁ’gﬁﬂﬁ‘g‘ﬁﬁue
to the vibraji syst.e he riolis force is alsog constantly changi ng.
The result tuf, ea‘ijlﬁﬁﬁ?dp é‘efiwsgt?? AREUHS (ElogTty Mpetar dingstiendinghe cags offthe fpical
oscillating notion of the 20 tube. The magnitude of twi st is proportional
to the mass Garighs fience flogy sensonraytube; throhgiciwhich G8idFfdw larty ROBGablisked, NS
f1 ow neasurenment is achieved by neasuring the twist in the sensor tube due
wbratcd. Often the tube js in the shape of one or more loops. The loop shape is such that
- the mass flow vector is directed in opposite directions at different parts of the loop. The
10 tube loops may, for example, be “U” shaped, rectangular, triangular or “delta” shaped or
coiled. In the special case of a straight tube, there are two simultaneoﬁs angular velocity

vectors that are coincident to the anchor points of the tube while the mass flow vector is in

a single direction,

The angular velocity vector changes directions since, in a vibrating system, the

s direction of rotation changes. The result is.that, at any given time, the Coriolis force is
acting in opposite directions where the mass flow vectors or the angular velocity vectors

are directed in opposite directions. Since the angular velocity vector is constantly
changing due to the vibrating system, the Coriolis force is also constantly changing. The
result is a dynamic twisting motion being imposed on top of the oscillating motion of the

20 tube. The magpitude of twist is proportional to the mass flow for a given angular velocity.




‘to the Coriolis force generated by a fluid noving through the sensor tube.
Typi cal known devices use pick off sensors conprisi na gagnet coi |
pairs located on the flow tube where the Coriolis forgac8Yahytdey '

di spl acenent is expected to be greatest. The coil and 5 nmagnet are nounted
on opposing structures, for exanple, the nmagnet is nounted on the tube and
the coil is nmounted on the stationany-package wall. The coil wll nove
through the magnet's field, inducing a current in the coil. This current

i's proportional tMasflew iv@k@einkit iOhcHidRd BRaRESuriS IR Wi ih Ihd RBsdrQiibe ddl NCE
this is a velocity neasurenent, the velocity, and thus the signal, is at

the maxi mumyigenc y\%gn i {s rest int ' Zek 0. crossing).
The Corioli st for céeﬁbi%?lgdd‘ce g%%@”ﬁ%ﬁ@éé ogﬁlgﬁg%gg@ﬁ}efsg nﬁoﬁ%ft%ée(yé’ C&Lﬁo)wn

si gnal thatéf' s. det ect?(dqﬁ neasuring, the difference.in the zero crossi.ng
times bet wedf iR %%Plfsf’o e magnet Fidoll; pairs dogated pm thesflow |tabey e
accuracy burden on the tine neasurenent circuitry. This may limt the '
ul ti mate servdiers YietGprighs fosepss inflaneddisplagement s expectedits be gembust. ke céiband
Further, the flow rate capabilities of known devices based on Coriolis

t echnol ogy nefghemaran@uhiediohagppbsing kewetiras, d6r HRalpla iR Mhghels hbaRed 88 ithed
for many applications. Mreover, existing Coriolis mass fl ow neasuring

‘devi ces onl yyRr MM itAEJiCk niRSEd dndte st%ﬁ&gdéfg?ég@a%@waﬁ) b gﬁ@ K Ho%\’p%?&éﬂ ol

capabilities. It has been left to the u rovide nmeans

control ling, ] ow, The .present invention addresses shqrtcom ngs
associ at ed vt\}}et %ﬂ%eggp@ep‘gr‘&ﬁﬂﬂg alﬁ“‘ﬁ%'ﬁrlﬂ § € Oéiins gurrestNf/Rrepogionp o the
I NVENTI ON I n one agpect of the present invention, a Coriolis mass flow
sensor i ncl yelesityof Fl'g\,\ynagnet relative to the coil. Since this is a velocity measurement, the
velocity, and thus the signal, is at the maxisnum when the flow tube crosses its rest pbint
10 (zero crossing). The Coriolis force induced twist causes a phase shift in the velocity signal
that is detected by measuring the difference in the zero crossing times between the two
velocity sensors. In practice this places a large accuracy burden on the time measurement

circuitry. 'This may limit the ultimate sensitivity of mass flow measurement by this

techrique.

15 Further, the flow rate capabilities of known devices based on Coriolis technology
often are limited to flow rates that are higher than desired for many applications.
Moreover, existing Coriolis mass flow measuring devices only provide for mass flow

sensing with no integral flow contro] capabilities. It has been left to the user to provide _

- any means for controlling flow.

20 The present invention addresses shortcomings associated with the prior art.




tube, a light source positioned adjacent a first side of the flow tube, a

| i ght detector positioned adjacent a second side of tg\%flow {2@ , and a
drive device operatively situated s relative to the f 1187 oY " vibrating
the flow tube, such that the flow tube noves through a path defined

bet ween the light source and the light detector. In certain enbodi nents,
the |ight source emts infrared I7dght, such as an infrared LED used in
conjunction with an infrared photo diode. In accordance with other aspects

of the invention, a flexible-§yhevIARY @ﬁfﬂmﬁﬁlé#{ow sensor includes a
The

flexible flow tube having first and second ends. | ow tube defines a

generally linear {lqw pat nd_a dr.ive.device.i.s positioned to gctugte the
Prow tube. i rst ol SRRt PretlineBift & CorigiE mBS o aRsn ifdR iy Fs
and second eg]gé oaig%he flow tybe, respectively. The first and second pick
of f sensors ha dghiptRures Bpgitiened; adiacent b fist sids efotheriiay tele, mhlight |dstgctarbe,
wherein a Coriolis force established by a flow of 15 nmaterial through the
fl ow t ube capesiitonad pliaceet g hidond bide wEthie fowetube gmalasdrivétdeuice byerhtinely Sifuatet

and second pick off sensors. In another aspect of the invention, a Coriolis

nmass fl ows seftdtive t@k WIdR5tuBe for Mrating s fidw tiRMRich vk Ag Adrubl SWvELURFou
nmounted thereon, a drive device operatively situated relative to the Trane

for vibratin ts: one pi enspr _sjtuated. 20
relative to ?ﬁ%&ﬁefg\ffv [ubtg@sot}%s g%rr{é%es%}de&?ﬁ%hfé\%tgéoﬁ' nPnt %eéia’fnl %Rﬁ{%b‘ﬁ%mﬁue
to Coriolis force. The frame, for exanple, .may conprise. a silicon frane to
whi ch & st ai e deht somese enpifsipfFred fighty SUcises an dofgare LR Detised dn sonpGHoy Witheg 5
BRI EF DESCRI PTI ON OF THE DRAW NGS

infrared photo diode.

In accordance with other aspects of the invention, a flexible-tube Coriolis mass

10 flow sepsor includes a flexible flow tube having ﬁrst-and second ends. The flow tube
.deﬁnes a generally linear flow path, and a drivlc deﬁce is positioned to actuate the flow

tube. First and second pick off sensors are positioned at the first and second ends of the

flow tube, respectively. The first and second pick off sensors each output a signal in
response to movement of the flow tube, wherein a Coriolis force established by a ﬂo;,v of

15 material through the flow tube causes a phase shift bétweén the signals output by the first

and second pick off sensors.

In ﬁnother aspect of the invention, a Coriolis mass flow sensor includes a flow
tube, a frame having the flow tube mounted thereoﬁ, a drive device operatively situated
relative to the frame for vibrating the frame, and at least one pick off sensor situated

20 relative to the flow tube so as to measure the twist in the flow tube due to Coriolis force.
The frame, for example, may comprise a silicon frame to which a stainless steel flow

sensor tube is attached.




- O her objects and advantages of the invention will becone apparent upon
reading the follow ng detailed description and upon reference to the

" drawings in which: Figures | A and 1B are bl ock di agran® FEoR&EHEERR | y
illustrating a Coriolis nmass 5 flow controller and sensor in accordance

w th aspects of the present invention; Figures 2A and 2B illustrate a.
Coriolis mass fl ow sensor enpl oying an-el ectromagnetic drive in accordance
with an enbodinent if the present invention; Figures 3A and 3B illustrate a
Coriolis mass flow sensoBRIEF RESCRIRFION OF THEDRAWINGSe i n accordance

wi th an enbodi nent if the present invention; io Figures 4A and 4B

illustrate a Corpflet Sbj0BS Snd h@WUNBEESHT the TRERINNGARHRO H5daként ufibh Ye%din%
accordance with an enbodinent 1f -The present invention; Figures 5A 5B and

' accor dante ek el BShutoR ol RASHHRTE O bR ufeb T SRl ¢ ¢ 17

schematic of a lock-in anplifier for neasuring the Coriolis force 1s
i'-nduced phase shift in accprdanc ith the present_ipventjon; Figure 7 is a
sehemati b ot a obEResnae Bo bak eoncepfualie dusirating & Geriels mass;
‘force induced phase shift in accordance with the present invention; 18

Febr uar ys 2086w cosirglleg andsc@sgrsin acegrdapte With aspectaof thy présentrisveativmnshi p bet ween
the amplitudes of input signals from sensor tube position sensors using
signal processing nmethods in' accordance wth the present application;
"Figure 9 is a schiga®si 2A0knd 2Bialludv@tk-a Coridhs i thassr bW s¢B&S Wiiphgyiighemn
Coriolis force s induced phase shift in accordance wth the present

' -(r__‘VGVnt 10N, electromagnetic drive in accordance with an embodiment if the present invention;

Figures 3A and 3B illustrate a Coriolis mass flow sensor employing an electrostatic

drive in accordance with an embodiment if the present invention;

10 Figures 4A and 4B illustrate a Coriolis mass flow sensor employing an acoustic

drive in accordance with an embodiment if the present invention;

Figures 5A, 5B and 5C illustrate a Coriolis mass flow sensor employing a

piezoelectric drive in accordance with an embodiment if the present invention;

Figure 6 is a schematic of a lock-in amplifier for measuring the Coriolis force

15 induced phase shift in accordance with the present invention;

Figure 7 is a schematic of a dual channel lock-in amplifier for measuring the

Coriolis force induced phase shift in accordance with the present invention;




Figure 10 is a schematic of a dual |ock-in anplifier including reference
frequency adjustnent for neasuring the Coriolis force induced phase shift
in accordance with the present invention; Figure 11 i|18/8ranedO® 1i st
enbodi ment of a capacitive displacenent probe in 10 accordance with the

~ present invention; Figure 12 illustrates a second enbodi nent of a
capacitive displacenent probe in za_c%oLdance with the present invention;
Figure 13 illustrates a third enbodinment of a capacitive displacenent probe

‘in accordance with the present. inventjon;, 15 Eiqure 14,] . e

vi ew of a Cori olf“lli%lr si8 % gaph dsipting the iph E‘B?ﬁbﬂ‘?g [ tsdﬁj%g{n&gésrs‘rgggﬁ)%nt of -
the present invention; Figure 15 is a sectional view of the Coriolis nmass

f1 ow cont r slgnals frowe smspintub gosition gensars gising (5iemak proogeme mephodpin AECQTGECE o 9y
expl oded view of the Coriolis mass flow controller shown in Figure 15;

Fi gur es 17Awitinithe prdSent|dpphdatiafi;e aspects of a prior art threaded val ve
connection and a sealed threaded val ve connection in accordance with-the
present. invention, respectively; 5 Figure 18 is a perspective view of an '

~ enbodi ment of a 1§REE0li 8 sBREEE LOWIGANS O Biplitier BE aRusANG ehef Coridlis foras pect s
of the present invention; Figure 19 illustrates a Coriolis mass fl ow device

el oying ana B LEAL sinGh aBlokdante WRnd eRfCRVARRAS W th enbodiments of the

present I n

Figure 10 is a schématic of a dual lock-in amplifier including reference frequency
adjustment for measuring: the Coriolis force induced phase shift in accordance with the

present invention;

Figure 11 illustrates a first embodiment of a capacitive displacement probe in

10 accordance with the present invention;

Figure 12 illustrates a second embodiment of a capacitive displacement probe in

accordance with the present invention;

Figure 13 illustrates a third embodiment of a capacitive displacement probe in

accordance with the present invention;

15 Figtire 14 is a perspective view of a Coriolis mass flow controller in accordance

- with an embodiment of the present invention;

Figure 15 is a sectional view of the Coriolis mass flow controller shown in Figure

14;




Figure 20 is a block diagramillustrating a Coriolis mass flow controller
enpl oying 10 an optical pick off sensor as shown in Figure 19; Figure 21 is
a block diagramillustrating portions of a sensor pickl qb"&ﬂﬂzgpgve
circuit in accordance with aspects of the present invention; Figure 22 is a
bl ock diagramillustrating portions of an application.and control circuit
in accordance with aspects of the pregent invention; 15 Figure 23 is a

bl ock diagram conceptually illustrating portions of a HART interface for a

Coriolis nmass fipre 09islaBlekBlbdéd vidw @@ AT D liwkiaks £dve cartedienthoivmie Higuon

. Figures 24A and 2Z4B are front and side sectional views, respectively, of
"the flow rsng,si'ng portion of a Coriolis nmass flow controller in accordance
with an e tdi ment of the present invention; 18 February 2005 - 8 Figure 25

illustrates a hybrid Coriolis nmass flow sensing tube in accordance wi‘th an

enbodi ment of the present jnvention; Fiqures 26A and 26B il ‘
Wheat st one bri dlg}é%“ ‘F%ﬁg"t Mﬁgﬂﬁg’%‘% @8&% gf% P??fea@g‘h%é?cgvafl‘lg rclé%ée&ihg gy
tube structure illustrated in Figure 25, Figure 27 is a bl ock diagram
schemat i calalspaled Fueaded vilve connsetion ip pecordasee Withiheprgssst lrﬁv‘%fltlaeacfsmfaﬁ@w th
the present invention; Figure 28 is a bl ock diagram schematically .

illustrating an alternative straight tube flow sensor in accordance with

the present invefigiren;s &nd pergucthe @A aficin2@Bbatihentooefi 8 ACorjolis | masst lowe
exenplary piezoelectric tilt actuators io in accordance with the present

i nvention. conroller in accordance further aspects of the present invention;

Figure 19 illustrates a Coriolis mass flow device employing an optical pick off

sensor in accordance with embodiments of the present invention;

Figure 20 is a block diagram illustrating a Coriolis mass flow controller employing

10 an optical pick off sensor as shown in Figure 19;

Flgure 21 is a block diagram illustrating portions of a sensor pick off and drive

circuit in accordance with aspects of the present invention;

Figure 22 is a block diagram illustrating portions of an application and control

circuit in accordance with aspects of the present invention;

15 Figure 23 is a block diagram conceptually illustrating portions of a HART interface

for a Coriolis mass flow controller in accordance with the present invention;

Figures 24A and 24B are front and side sectional views, respectively, of the flow
sensing portion of a Coriolis mass flow controller in accordance with an embodiment of

" the present invention;




Wil e the invention is susceptible to various nodifications and alternative
forms, specific enbodinents thereof have been shown by way of exanple in
the drawi ngs and are herein described in detail. It é‘ﬁcﬁﬂb\éJaéézgﬂﬁjerstood,
however, that the description herein of specific enbodinents is not
intended to limt the invention to the particular forns Is disclosed, but
on the contrary, the intention is-t@& cover all nodifications, equivalents,
and alternatives falling within the spirit and scope of the invention as

defined by the appendsd . LIe 4 JOETAL L T SVENT v
Illustrative enb?;? rr%ggéu‘%*‘r%f:ggh?'%%%#gg %@gqﬂ?ygcrl b %ellﬁc%\?vé.; In the
interest of 20 clarity, not all features of an actual inplenentation are
descri bed iri‘nteﬁlbgd@&ék?ﬁtp%ﬁ‘feﬁﬁﬁ}n‘.’ﬁﬁmf% February 2005 9 will of course be
~appreciated that in the devel opment of any such actual enbodi nent,

numer ous i npl enent ati on-speci fic decisions nust be made to achieve the
devel opers'  spediigures Yohland 26BcHusizate Bihstsigne bridgas Huaghoping 38 NeRPEFSHYY
busi ness-rel ated constraints, which will vary fromone inplementation to
anot her. Morsessogd for tHe hbiid nibe seppuedilatactdtfBipue 25tuch a devel oprent effort -
m ght be conpl ex and tine-consum ng, but woul d nevertheless be a routine
undertaking for those of ordinary skill in the art having the benefit of

this di'sclosure.gifig976s hAidck!d; zirﬁ‘fs@lﬁmﬁti@ﬂ?iiﬂﬂshﬁtir@&ﬁ%i@ﬁ&ﬁbé Row s&i808 Or
~and controller in “accordance w th enbodi mnents of the present invention. It

is conprised of essentially twy 1o separate operational systens: a Coriolis
sensor pi ckL}Baﬁ‘f?diﬁlﬂpf Mgé’;‘;%vlifﬁ?fl%}“’%{ﬁﬁp‘an appl i cation and control system B.
The Coriolis sensor pickup and drive systeminterfaces _

Figure 28 is a block diagram schematically ilustrating an alternative straight tube -

flow sensor in accordance with the present invention; and

Figures 29A and 29B schematically illustrate exemplary piezoelectric tilt actuators

100 in accordance with the present invention.

While the invention is susceptible to various modifications and alternative forms,
specific embodiments thereof have been shown by way of example in the drawings and are
herein described in detail. It should be understood, however, that the description herein of
specific embodiments is not intended to limit the invention to the particular forms

15 disclosed, but on the contrary, the intention is to cover all modifications, equivaleﬁts, and
alternatives falling within the spirit and scope of the invention as defined by the appended

claims.

DETAILED DESCRIPTION OF THE INVENTION
Hlustrative embodiments of the invention are described below. In the interest of

20  clarity, not all features of an actual implementation are described in this specification. It




with the Coriolis sensor 1. The application and control system B provides
an- interface for a user 5, and provides control signals to a flow control
devi ce such as a valve 6. The purpose of the sensor pi@lﬁ‘?ﬁr%ﬂﬂz% ve system
Ais to control and sense the 15 notion of the Coriolis sensor 1 for the
purpose of determning relative 4reéss flow as a function of Coriolis force,
and relative density as a function of resonant frequency. The exenplary
sensor pickup and drive system A provides three data values to the

‘appl i cati on .y apd, contLol, SYEIEMB: inlthe DRWEBFment! dFearyl sikeh difubleemutimenat
rel ates to"’f“#@?ﬁﬁﬁ’s%% agpge\éﬁone Si de gf theﬂ-zo sensor tube to the other
indicating rel ative

ss, f.l ow. Febr uar 5 L tded&¥loperishe
resonant f MEHGENE T nleﬁ@tlg’é”ﬁg‘?fgct feast a%u%g[%apjgeiget{%?ﬁcﬁg v density
of. the measured material. 3. Tenperature ---_ an RTD is nmeasured to . .- '
det er i ne tspecifie gpds, sudh s epmphiance gritosysteapslated ng%wsf@ﬁ?cgﬁongﬁgm}% nt r ol
system B uses DeltaT in conjunction with calibration constants to_present

the desi r edymBswill yaepvrosions ihpleinbataticeto afother. Mowovers #svilbe gprrgeigted tHhat
conjunction with calibration constants to present the desired density

and/ or vol ' fred it i Bhiv St Svoulleatvemheless
\o! %ﬁ?'d%g{iéﬁﬂ%n&'@ff rF 6ﬁvl\glt HR&otphk a9d tiiRIRBEEhME Cout v e

conpensdtion 0O nass and density cal cul ations. The application

and control_system B yses.th SS QF o hadiiol the WeRdtht dffthis
conparison %%/ﬁouﬁﬁ'@ “ﬂg@fﬁ%ﬂgs@fq%%sl%nﬁqrﬁgu ‘%o iélgeﬁ{fro thegt val ve 6 that
regulates flow to the desired setting. Figure 1B is a block diagram
concept ual | disgipsursst rating a Coriolis mass flow sensor

Figure 1A illustrates a Coriolis based mass flow sensor and controller in

accordance with embodiments of the present invention. It is comprised of essentially two

o separate operational systems: a Coriolis sensor pickup and drive system A, and an
application and control system B, The Coriolis éensor pickup and drive system .interfaces

with the Coriolis sensor 1. The application and control system B provides an interface for

a user 5, and provides control signals to a flow control device such as a valve 6.

The purpose of the sensor pickup and drive system A is to control and sense the

15 motion of tﬁe Coriolis sensor 1 for the purpose of determining relative mass flow as a
function of Coriolis force, and relative density as a function of resonant frequency. The
exeémplary rsensor pickup and drive system A provides three data valucs to the application

and control system B:

1. DeltaT — the time difference that relates to the phase lag of one side of the

20 _ * sensor tube to the other indicating relative mass flow.




in accordance with aspects of the present invention. The Coriolis nmass flow
sensor 1 includes a flow sensor tube 2, with a drive device 3 _situated
relative thereto so as to 15 vibrate the tube 2. Di spl'@f@heiy §Miges 4 are
positioned relative to the tube 2 so as to neasure the twist in the tube 2
due to Coriolis force. A typical material for the sensor tube 2 is 316L
stai nless steel. Reasons for usin 316L stainless steel include that it is

resistant to chemcal attack from many substances is resistant to
rupture from nornm pr ures is t n m nat ng and
20 can be readily brpﬁrfg‘g’?e% thtg"§§ gnarnégegl‘r‘\egﬁ‘é ﬁﬂ‘ |t§l?ei @’ag‘éeﬂaé%?r tth

- However, 316L stainless stee| not suitable for all applications.
Therefore, it is necdS@ly qnﬁ’a)fo agupdematerigtebr uary 2005 - 11 material s

be avail able to cover applicati ons not suitable for 316L stainless steel.
"Known devices use silicon as an alternate material to 316L stainl ess

steel . The advant age Tsmpenitirecoan QIB) is3méisustldp nlebsmirst the temperatimt ofstasor
tubes - can be made in a smaller formthan can be realized by 316L stainless
steel. s ‘Anot her conseferaibeon for material selection for the sensor tube 2
is the resistance to stress induced or enhanced corrosion. Stress is
generated at the base of the bending armwhere the tubes are nounted. In

| I t gl t
pol yerysi al I'i ne TRt gipigdtion Sl €8sr Oshétgxg@]}'ﬁ& s| IR ﬁ'otﬁﬁfle dt{bnxbtﬁl%{bgﬂolﬁne 0

di ffuse and concentrate at gral n ries between m Ccrocr

granul ar re I case aken onds t ween t he
m crocrysta “Sltsfﬁpéersgl}&ntg H%Skr %@ ‘?té‘t@%t e uger W8 CEHHF P E™ o
chem cal attack Singl e crystal rraterl als like silicon or sapphire are
l'ess | i kel yCqmipmston, pthqalibration constanision Bresentithe desiretli deasity1 @1d/ast wilnineisic
steel are usually polycrystalline and therefore nore

flow units to the user 5. Temperature is used for compensation of both mass flow and

density calculations. The application and control system B uses the mass or volume flow
10 unit output in comparison with the user’s set point input to control the valve 6 that

regulates flow to the desired setting.

Figure 1B is a block diagram conceptually illustrating a Coriolis mass flow sensor

in accordance with ast)ects of the present invention. The Coriolis mass flow sensor- 1
includes a flow sensor tube 2, With a drive device 3 situated relative thereto so as to

15 vibrate the tube 2. Diaplacemcnt gauges 4 are positioned relative to the tube 2 so as to

measure the twist in the tube 2 due to Coriolis force.

A typical material for the sensor tube 2 is 316L stainless steel. Reasons for using
316L stainless steel include that it is resistant to chemical attack from many Vsubstances, it
is resistant to rupture from normal process pressures, it is typically noncontaminating and

20 can be readily formed .to the desired shape of a Coriolis sensor tube. However, 316L

stainless steel is not suitable for all applications. Therefore, it is necessary that other tube




susceptible to this type of chemical attack to varying degrees. Amorphous
materials like silica glass and several plastics also are nore resistant
to.stress induced chenmical attack, is since they do not F[%W@%ZQ)Q% n-
structure |ike polycrystalline materials. Tube naterials that .are
susceptible to chem cal attack may have their surfaces modi fied or coated
‘in such a way to mnimze corrosion,or attack at the surfaces if the use
of the underlying material is otherwise attractive. Surface nodification

may be accopgidisiied abé(ila'bf%rto'cgpétaaﬁ)ﬂéahg ndtQf tﬁfﬁé fdii'3flgﬂssta§}ﬂess stedl. RMown

chem cal or electrochemcal reac e |n here, 1s to renove,
di stri but t r.od I t al h t, |

o cal Ly e s stpe & of afifiaate Yourf ﬁémaee%?e%é ; nEpengdyapse of

acconpl i shed by thermal |y activat ed depOS|t|on froma 18 February 2005 - 12
vapor, | i qufiBcdyoyseddiel s{%ﬂsmg;edgs it sensos tibey ean b madeipa amaller forer thedr es.

Lower tenperatures may be used if the chemcally reactive species is also
excited or tarbezealizby by pl@sstainkess segel.i nt ense photon flux as froma | aser.

O her materials resistant to chemcal attack nmay be deposited by

"~ nonreactive, physical vapor deposition as acconplished by 5 thermal or

el ectrons beam evapgthart ¢daBideratitly fok atRYSARbA Gor the scBOK tuBE & ROthk Sesistance
acconpl i shed us| ng a highly energetic ion beamso that the sputtered

speci es 15 GNGRLE e P ECLBERR Conb a7 Sluos' D0 Eh ST ond SPEL! Rl

t he surface 'S a SO acco e cer
deposited nater | aIs so, chem cal reactio s at the surawﬁe may be
acconpl i sheﬂP’b 7 grauied c fa Ry ey riall SOVl K@ISg fpBties

~energy. can be used 10 to activate or enhance the chem cal reaction. Tube
‘material s uiehe frgteriahte difnsehd sorickntvats engiaingoundaic? betwegmatheingiclogrystalline
enbodi ment s
granular regions. This will, in many cases, weaken the bonds between the microcrystalline
10 grains making the material to be more susceptible to chemical attack. Single crystal

materials like silicon or sapphire are less likely to be affected in this manner.

Metals, like 316 stainless steel are usually polycrystalline and therefore more
suscei:tible to this type of chemical attack to varying degrees. Amorphous materials like
si]tca glass and several plastics also are more resistant to stress induced chemical attack,

15 since they do not have a grain structure like polycrystalline materials. Tube materials that
are susceptible to chemical attack may have_ their surfaces modified or coated in such a
way to minimize corrosion or attack at the surfaces if the use of the underlying material is

otherwise attractive.

Surface modification may be accomplished by ion implantation, thermal diffusion,
20  and chemical or electrochemical reaction. The intent, here, is to remove, redistribute, or
introduce clemental or molecular species that leave a chemically resistant layer at the

surface. Surface coating may be accomplished by thermally activated deposition from a




of the present invention are Austenitic and Martensitic stainless steels,

hi gh nickel alloys, Titaniumand Zirconiumand their aIHJ %}/s ﬁ6 icularly
Ti t ani um Vanadi um Al umi num al | oys and Zircal l oy (for "ef& “Wg %/i eld
strength and | ow Young's nodul us), silicon, 15 sapphire, silicon carbide,
silica glass and plastics. Tube coating materials enployed in accordance
with the present invention includelsiticon carbide, nickel, chrone,

di anond, the refractory carbides, the refractory netal nitrides, and
refractory |l pxi.des. 1n, ot.her enbodi,ments, the sensing tube cogprises a
hybrid of strr‘?aﬁf’uﬁ%“% SF Poyyder é‘f“@‘ﬁgm%&“ehea? WB??etVf‘tﬁaste TARTSC aﬂ‘)’yer
‘attached so as to utilize the best material. 20 properties of each part of

t he st ruct ur@MPREIeERAY, be ¥5qdyiE therchemically tdagking spaeies ia alsetexeited groionizeshband a
~non-wetted portion, for exanple. The wetted portion may be a tube of any
mat eri al conglasmzhbe amirtdnse ipbotap fluk catfionn aflhist.d Othed ahatetiabgresietand td chendel ani ¢
and silica tubes. 18 February 2005 - 13 This tube is attached to a
vibratory stttk uhsy béaegbsasl By hbmeEutivh, ysﬁﬁnyaﬁgxi_lrs]déﬂb%%ibﬂ% &&&ﬂﬁhe@ﬁfper

vi brational node to induce the Coriolis Torces. e vibratory structure may

itself ' ' tt.ed tube fits, . it . b f
whi oh the t (B ok Seies B G EH of BY oocieblity o el hsoppliged
material that .can, be shaped into a beamof a s formto support the wetted

tube. An exafpiee? MEHYEIsEser [on: beanbee: High the snwitaredcspesies iy chemisplipexcitpdor
woul d support a wetted tube that could be stainless steel, plastic or other
mat eri al t halenized;| tiehe chtrajseldreaction with tieesirface dnzley atdomyplisiiedg whith R4y bad 2B
illustrate a Coriolis nass flow sensor | in accordance with particular
enbodi ment s _ddsirhbie firr @AM depoied iabitialsT NEIsCoHeRAlchBreadtes af HHRWuSBASRhy be

enpl oys 10 an el ectromagnetic drive 10 that includes an el ectromagn‘e}{ 12

driven by a g.gRBlishe® ¥y SEcelerating the chemical species so that the kinetic energy can be used

10 to activate or enhance the chemical reaction.

Tube materials used for the Coriolis flow sensing tube 2 in particular embodiments
of the present invention are Austenitic and Martensitic stainless steeis, high nic__kel alloys,
Titanium and Zirconium and their alloys, particularly Titanium-Vanadium-Ahminum
alloys and Zircalloy (for their high yield strength and low Young's modulus), sﬂicor;,

15 sapphire, silicon carbide, silica glass and plastics. - Tube cbati,ng'materia]s employed in
accordance with the present invention include silicon carbide, nickel, chrome, diamond,

the refractory carbides, the refractory metal nitrides, and refractory metal oxides.

In other embodiments, the sensing tube comprises a hybrid of structures of

different material compositions mechanically attached so as to utilize _the best mateﬁal

20 properties of each part of the structure. The sensor structure is divided into a weited
portion and a non-wetted portion, for example. The wetted portion may be a tube of any

material compatible with the application fluid, including metallic, ceramic and silica tubes.




(not shown), which, in the enbodinment illustrated, conprises a sinusoidal
‘signal source. The electromagnet 12 is situated near a small pernanent
magnet 14 nounted on a sensor tube 16. The sensor tuflgéFeBres ¥inected to
a base 18 that includes first and second ports 19, so as to define a flow
path fromone port 19 through the flow tube 16 to the other port 15 19. The
exenpl ary sensor tube 16 shown™i h’t he enbodi nents discl osed herein is
generally "U' shaped, though other shapes, such as delta shaped,

“rectangul arTyi6 fide§slattdRheic Alihtory sii@reRich ab 8 FrahlR, thaeebnvéystBE Ak ivehet Ube
shapes are discussed further herein below. Moreover, further enbodi nents

~are envisioned that .enplo l t Ll el sens i o
redundancy,PrPg?{g‘Egr f‘?‘%?’“}ﬁﬁ%%“e&l‘lﬁé glgﬁgirg’gé?érﬁ%égﬂr?&ab%ﬁa Ve eiqﬁé‘)gfrt&g‘ut),

20 greater accuracy, etc. Figure A and 3B.illustrate .gn.enhodi nen

S ar Co BEmu0e Wy Wk de Ao Hies Py it be pdmIe L UG RS SHfed.

el ectrostatic drive 20 . includes a charge plate 22 18 February 2005 - 14

posi ti oned Thavibateystiuceire ey beimade| dtaemadriatobatt ead benshaped intns deamn @ 16.
If the tube 16 is nade of dielectric material, then the charge plate 22 is
positionged Re@toldifpdrtiR wéteandbd. NAn edirfple Moildcbedsiidod Aéhedeljorha vedfeminmat ed.
Again, the charge plate is driven by a signal source (not shown), such as

a si nusol dal, gl 4R widstfporfa ALt @0RRERRA! &I Be RICRAL PAFLOr2GNG Wi |1

produce an | ween It and the ectric plate 24. This wll
produce a surface charge on the dielectric ate 24. As the voltage
polarity ismﬁ“fﬁ'?l)‘%‘c@ esgalzﬁﬁ"?tﬂé"wb‘ﬁ'éﬁ"ij’é’v Y& 22, the resultant electric
field between it and the dielectric plate 24 will alternately be

attractive or repul sive causing the flow tube 16 to vibrate. Figures 4A and
4B illustrate anBighes 2nped2Beiliusteate aHeorabis ingss doaseasen bup sespsepnce Wit

particular embodiments of the present invention. The Coriofis mass flow sensor 1 employs

10 an electromagnetic drive 10 that includes an electromagnet 12 driven by a sigpal source
(not shown), which, in thcl embodiment i]lustratéd, comprises a sinusoidal signal source.

The electromagnet 12 is situated near a small permanent magnet 14 rhounted on a sensor

tube 16. The sensor tube 16 is.conn_ected to a base 18 that includes first and second ports

19, s;o as to define a flow path from one port 19 through the flow tube 16 to the other port

15 19. The exemplary sensor tube 16 shown in the embodiments disclosed herein is generally
“U” shaped, though 6ther shapes, such as delta shaped, rectangular, coiled, or straight
tubes may also be used. Alternative tube sﬁapes are discussed further herein below.

. Moreover, further embodiments are envisioned that employ muitiple parallel sensing tubes,
providing redundancy, rangeability (wherein selected tubes may be valved in or out),

20  greater accuracy, etc.

Figures 3A and 3B illustrate an embodiment similar to that shown in Figure 2,

using an electrostatic drive. The electrostatic drive 20 includes a charge plate 22




10 1 .that enploys a novel acoustic drive 30. The acoustic drive 30 includes
a smal |l speaker 32 placed near the tube 16. The press ves nerated by
t he speaker 32 cause the tube 16 to vibrate. In Flgurgiegipnﬁﬁ%gnd 5C, yet
anot her enbodi ment of the Coriolis mass flow sensor 1 is illustrated. The
Coriolis mass flow sensor | of Figures SA, 5B and 5C uses a 15

pi ezoel ectric drive 40, wherein two piezoelectric stacks 42 are positioned
.on opposite S|des each |l eg of the flow tube 16, in effect creating two

bi nor phs on hr h8nA8 dichRAWHIAR 2B bR d n &N RERE1 6 OF tHeQuitN b is

- reverse pi€zo Iectrlc effects would be used to either drlve and/ or sense

measur i ng. A G GO PRErEE SR HiRSRRIE 230 RO Rnet B o FLE 1l e

generated by a fluid nDV|n t hrou h the sensor tube. For exanple, in known
Coriol i s nadigleetrisplateid @iﬂé’ gheschareiats fsdrivea gn @ SIEaAlFONESE]
pairs are typically located on the fI ow tube where the Coriolis forces

i nduced di sfilohskovan] such ad 8 skmboida rsign200bree. ¥ovolmgp appléed tb shdoehaggeeplote 2. The
coil and magnet are nmounted on opposing structures, for exanple, the

magnet i s nwn{ar uéé”aﬂ E!@cthb'lﬁ@ld%ééﬁeit Qﬂu thel cﬁeleaﬁab&@le on tTHR il rbdraay
package wal |. The coil nove in and out of the magnet's field, inducing

RGN ST
I , dth h I wh he f.|
velor 1] g Snal e e e i e Lo (e

causes a phase shift in the velocity signal that is detected by neasuring
t he diff er enlternately be hrazivoorcepdsiveicpusingtie: ot wbe 6tthgibrato veIOC|ty
Sensors. In practice this places a | arge

Figures 4A and 4B illustrate another embodiment of the Coriolis mass flow sensor
16 1 that employs a novel aco'ustic drive 30. The acoustié drive 30 includes a small speaker |
32 placed near the tube 16. The pressure waves generated by the speaker 32 cause the

tube 16 to vibrate.

- In Figures 5A, 5B and 5C, yet another embodilnent of the Coﬁo]is mass flow

sensor 1 is illustrated. The Coriolis maes flow sensor 1 of Figures 5A, 5B and 5C uses a

15 piezoelectric. drive 40, wherein two piezoelectric stacks 42 are positioned on opposite -
sides each leg of the flow tube 16, in effect creating two bimorphs on each leg 16 as
shown in Figure 5. The piezoelectric and reverse piezoelectric effects would be used to

either drive and/or sense the deflection of the tube 16.

Mass flow measurement is achieved by measuring the twist in the sensor tube due
20 to the Coriolis force generated by a fluid moving through the sensor tube. For example, in
known Coriolis mass flow sensors, pick off sensors comprising magnet and coil pairs are

typically located on the flow tube where the Coriolis forces induced displacement is




accuracy burden on the tine neasurenent circuitry. This may limt t he

~ultimte sensitivity to of mass flow neasurenment by this technique. U.S.

Patent No. 5,555,190, assigned to the assignee of thelpFeseafy li cation,
di scloses digital signal processing nethods and devices for determ ning
frequency and phase relationships .a vibrating sensor tube such as the
tubes disclosed in conjunction wth the Coriolis mass flow sensing devices
di scl osed herein. The entire specification of is U S Patent No. 5,555,190

5 oo 2" BB RS TSl e %e%oﬁdﬁ B 55 B

provi de a flow measur nq pr oVvi

capability, is re direct and .requires e urapy in the C|rCU|tr

t han typi caF’W’?PE% tg%lé‘?ﬁnitl il thedh ilyi§ daounged o fheptiatio Me
enmbodi ments il lustrated |n FI gures 2-4, dis Iacerrent of the vibrating.

sensor t ube pickagewatla e edil vsll mpve apaad vutvef the alagottis figkh Jedusing rygrrent in
capaci tance di spl acenent gauges 50 are positioned near the tube 16 at

posi tions sSyHE®l i Thik @uirb& i§ PedRrtinal et Wik of eharfagiet relRtidUtoetht lveill wi st
in the sensor tube 16 due to the Coriolis force generated by a fluid 18

Febr Lary ; 208nce i G O B2 REIRY arka Rk e sigh, BRI hnfoximmum
enbodi nents o e prese 1 nvent the apaC| tance I spl acenent gauges
.50 f 1 t he

sencor bl ocRFhLERE Pq‘?»ﬁii‘f{faeasﬁﬁé%‘?é&a?&ﬁ?q”wes B8 CopPR A8 indfed o961, c,

in the sensor tube 16 due to the Coriolis force results in a phase shift
bet ween t he c@ises phiisgrlilt inf the rvelopiey sigmal dhat dndeiceird by awessing tha diffezense in
Since this is a displacenent neasurenent, the signal is directly

propor t i onakhet 2ré beossihg pins Gowvttn thEhaJorﬁlaﬁﬂy\sensoﬁki. shi prative nhis placenz farge de
of the tube is neasured as a phase shift. The gauge driver and '
| accuracy burden on the time measurement circuitry. This may limit the ultimate sensitivity

10 of mass flow measurement by this technique.

U.S. Patent No. 5,555,190, assigned to the assignee e'f the preSent application,
discloses digital signal processing methods and devices for determining frequency and
phase -relaﬁonships of a vibrating sensor tube such as the tubes disclosed in conjunction
with the Coriolis mass flow sensing devices disclosed herein. The entire specification of

15 U.S. Patent No. 5,555,190 is incorporated by reference herein.

Aspects of the present .invention provide a flow measurement technique that
provides for a lower flow capability, is more direct and requires less accuracy in the
circuitry than _typical time based signal conditioning techniques. Referring to the
embodiments illustrated in Figures 2-4, displacement of the vibrating sensor tube is -

20 ‘measured using capacitive pick off sensors. Two capacitance displacement gauges 50 are
positioned near the tube 16 at positions symmetric to the shape of the tube 16 so as to

measure the twist in the sensor tube 16 due to the Coriolis force generated by a fluid




signal conditioning electronics translate the relative displacenment of the
- tube 16 into a high |evel signal which is a function of the phase shift
~that can be used to neasure the Coriolis 10 effect wi8ireblugiy 2&05
established through the tube 16. A first signal processing techni que uses a
lock-in anplifier with a reference signal supplied by one of the

~.di spl acenent gauges 50, and an input signal supplied by the other

di spl acenent gauge 50. The lock-in anplifier nmay be inplenented by hardware

or software ' ' f.pboth., Either gauge may supply. th
reference orn?ﬁ%g?mge |ggé#éﬁkﬁgIghhl%ﬁg@%eﬁ%?%ﬁ?g?Pgﬁﬁﬂﬁéwaﬁkggﬂn’t3
amplifier is praportional to flow Figure 6 is a functional schematic of a
l'ock-in anpl ‘f#’f‘%‘ angs, displacepneqipaugess Jk preaministusizad pud surfass mduntpdt drethe Gensool i s
force induced phase shift in accordance with the present invention may be

i npl enent ed. P swelhat en asensopblooly isertdd nside tighibomss itel flost seab@tub&l AHgur e
6. The Left input 100 and Ri ght input 102 signals are fromthe Left and

‘Ri ght di spl atvestentthgsngesubd1@8ud B5N8Xtdrieh rorcE%su@%ﬁ@%age %@ﬁtlﬁg&%ﬁn: ﬁg“t

100 may be used as the reference signal. The sine out v
signal , phasgvd Ggkadabm | 00 siqgnal., This w.ll drive the

fl ow sensor tube~16 at r%gganﬂg%fé%q&%hﬁ%ramt & ﬁtselog!nc%%ﬁéﬂa ﬂ?PﬁF%?PtV\A’ th
the 1 8 Febr 200 7 .Left/Reference Input 100 signal and its 90
phased- shi ft’é%%‘ﬁ&a %‘64%%] t‘%gﬂt”%@ PrepeEiong i jthe \disposementor Ihe psiative 106.
Functional ly, the PSDs 106 nmultiply the two signals, producing a high
frequency cdﬁ%ﬁ@@?@ﬁlﬁn@f&a@h@@ ebilrp dulteris medhueed asa plass shift] b al@Bdrives B0y €
the high frequency conponent producing a DC voltage at the X and Y outputs -
s 110, 112. sigml domlitioping eletBonics teakslaRdhé Rative Qi nt 6OHE A6 iﬁf&da*i Y
output 112 is called the "quadrature” conponent of the vector signa
relative 10 Ievid sioBAIRVBEFE aTultiBh of the phase shift that can be used to measure the Coriolis

10 effect when flow js established through the tube 16.

A first signal processing techrique uses ﬁ lock-in amplifier with a reference signal
' | supplied by one of the displacement gauges 50, and an input signal supplied by the other |
displacement gauge 50. The lock-in amp]iﬁér may be }mplemented by hardware or
software, or a combination of both, Either gauge 50 may supply the reference or the input
15 signal. The phase output from the lock-in amplifier is proportional to flow. Figure 6 is a
functional schematic of a lock-in amplifier 52, with which such 2 method for measuring the
Coriolis force induced phase shift in accordance with the present invention may be
implemented. The signals are moving left to right as illusirated in Figure 6. The Left
input 100 and Right input 102 signals are from the Left and Right displacement gauges 50
20 respectively. For example, the Left input 100 may be used as the reference signal. The
sine out 103 is the drive signal, phase locked to the Left input 100 signal. This will drive

the flow sensor tube 16 at resonance. The Right Input 102 signal is mixed with the




- Each of these conponents is phase sensitive; however, the vector nmagnitude
~and phase 10 conponents can be separated by the follow ng rel ati onshi ps:

Eq. 1 R= X2 + Y2, the nagnitude Eq. 2 B =tan-'('/"18 Febfupsy #Mse angl e.

The rel ati onship between the outputs fromthe lock-in anplifier 52 and the

i nputs - fromthe di splacenment gauges 50 is derived as follows: Consider the

two signals as sine waves with arbitrdfy-anplitudes and arbitrary phase

di fference. Each signal can be represented as below 15 VIO =V',f =Asi ncot

-V, ;g, =Bsin At .th tt.om PSD. 106.t he fo].l.omM ng operation ogeurs:

My 1 oe v LR ReRbordk 1hit A8 5 b f ikt Stipet et U &' he o
-cos(2aat +Q)] . This signal has a DC voltage conponent and an AC conponent
at twice thoengitivegetaetors (PaPs) d06. pAusctionpllye thy PEPy 106 8nultiply\ths twih sighds,
conponent |eaving X = ABcoso . 5 At the top PSD 106 the foll owi ng operation
occurs: Y producing avigh fitfheaty cémpdnedt Hd a DE baisonentC OFhe RwIphdsi fileiL10851 nce
cos cot. = sin(at +90). ‘

remove the high frequency component producing a DC voltage at the X and Y outputs

5 110, 112. The X output 110 is called the “in-phase” component and the Y output 112 is
called the “quadrature” component of the vector signal relative to the reference signal.
" Each of these components is phase sensitive; however, the vector magnitude and phase

components can be separated by the following relationships:

Eq. 1 R=+vX?+Y” , the magnitude
0 . Eq.2 6 =tan™ (IZY)’ the phase angle.

The relationship between the outputs from the lock-in amplifier 52 and the inputs

 from the displacement gaugcé- 50 is derived as follows:

Consider the two signals as sine waves with arbitrary amplitudes and arbitrary

phase difference. Each signal can be represented as below:

15 Vig =V, = Asin ot
Vree = Bsin{at + ¢)

At the bottom PSD 106 the following operation occurs:

X'=V, *(y,

right

)= Asiq.a)t *[Bsin(ar + ¢)]




Y' = | ABsinO+ | ABsin(2cvt+0) 2 2 Again, we have a signal with AC and DC
conponents, which after passing through 10 the LPF 108, results in the
following: Y=-2 AB sin 0. Calculating the magnitude, P8Fghaan08hase
angle, 0, fromequations | and 2 we have: R=1 AB 2 15 18 February 2005 -

- 19 0=0 These cal cul ati ons may be Ggqputed by any suitable digital or"-
anal og processing device 120. The vector phase is proportional to nass
flow. Another nethod in accordance with enbodi ments of the invention
requires a dual s channel lock-in anglifier with the reference signal and

one input. signal supplied by one ofy't tSdY asRMeRY- Hhuges 50 and a second
i nput signal supplied by the other di §p|%{c§r¥ént mg%gug@}iSO. The | ock-in
camplifier may be inplenmented by hardware or software, or a conbination of

- both. The difference between the two input signals is then neasured

agai nst the ref er 8hisesigiayhas a Dievaliagellcompondphas® QUACUEorhoRsAtt sietwies hd N
anplifier is 10 proportional to flow Figure 7 is a functional schenmatic of

a dual channgleghéifel- The BOW!Pakd Bilter (LPF) 108 removes the AC component leaving
i
X = 5 AB COS¢ .

5 At the top PSD 106 the following operation occurs:
Y'= Acosax *[Bsin(wt + 4)]

We have a cosine multiplier since cosat = sin{af + 90°).
, 1 . 1 ..
Y'= mEABsmgé +-2-ABsm(2mt +¢)

Again, we have a signal with AC and DC components, which after passing through .

10 the LPF 108, results in the following:
Y= —l-AB sin ¢
> .

Calculating the magnitude, R, and the phase angle, 6, from equations 1 and 2 we
have:




54. The -signals are noving in the sane manner and have the sane definitions
as in Figure 6. The Left input 100 is also used as the reference signal.
As before, the sine out 103 is the drive signal, pha3@FpbeRe®200§ the Left
i nput 100 signal. In this. case, the Left Input 100 signal is subtracted
fromthe R ght input 102 signal and m xed with the 'Left/Reference is |nput
100 signal and its 90 phased-shiftgd _signal 104 in the two Phase Sensitive
Detectors (PSDs) 106. The internal functions are the sane as in the
| ock-in anmplifier 52 of Figure 6. The foll lvi¢ng derivation may be used to
determ ne the relationship between the outpdts fromthe |lock-in anmplifier -
- 54 and the inputs fromthe displacenent gauges 52. Any suitable digital or
anal og procegsi ng device 120 may .be used. to performthe 20 cal cul ations.
18 February Tl Calowlesione,may bropewed bsn sgeies digtalsirranalog Riecessing device
arbitrary anplitudes and arbitrary phase difference. Each signal can be
represent ed B¥. ddkeovctodplascisroportional 1A easaflowt  V'g, = Bsin(cot+0) s The
output of the Low Noise Differential Anplifier 114 in this case will be
“VT, - Vright At the bottom PSD 106 the follow ng operation occurs: X =V,

(V, y T V, ’ g’ 1 ) = A@ﬂdﬂh&%&[ﬂ?@ﬁi iﬂ%ccﬁ&éﬂ&é@ﬁﬂh eﬁgﬁohilﬁ@nt_'s 6ftﬁ@[ﬂl’€lﬁ%&€@l§j}e—s azdual
AB[ cosO+cos(2cot+0)] 10 This signal has a DC vol tage conponent and an AC

gﬁgngeggnggcr%eﬁe@ ﬁgglixfﬁrggﬁﬁ‘eg Wit Ge refliSnck WynBPRR Jnk it sichll SApptis v SHR%ES
the displacement gauges 50 and a second input signal supplied by the other displacement
gauge 50. The lock-inl amplifier may be implemented by hardware or software, or a
combination of both. The difference between the two input signals is then meésured
against the reference signal. The resultant phase output from the lock-in amplifier is
10 proportional to flow. Figure 7 is a functional schematic of a duat channel lock-in amplifier
54. The signals are moving in the same manner and have the same definitions as in Figure
6. The Left input 100 is also used as the reference signal. As before, the sine out 103 is
the drive signal, phase locked to the Left input 100 signal. In this case, the Left Input 100
signal is subtracted from the Right Input 102 signal and mixed with the Left/Reference

ts Input 100 signal and its 90° phased-shifted signal 104 in the two Phase Sensitive Detectors

(PSDs) 106. The internal functions are the same as in the lock-in amplifier 52 of Figure 6.

The following derivation may be used to determine the relationship between the
- outputs from the lock-in amplifier 54 and the inputs from the displacement gauges 52.

Any suitable digital or analog pi'ocessing device 120 may be used to perform the

20 calculations.




X=2A2-1 ABcosO At the top PSD 106 the foll ow ng operation occurs: Y =

. Acoscvt[Asin wt -Bsin(wt+ 0)] 15 W have a cosine nultiplier since coswt
= sin(cit + 90). 18 February 2005 - 21 Y' = 2 A2 sin 28february-2088sin o - 2
. ABsi n(2cot" + 0) Again, we have a signal with AC and DC conponents, which
after passing through the LPF, results in the follow ng: Y=-2ABsi nO.

Cal cul ati ng the magnitude, R and t#e phase angle, 0, from equations 1 and
2 we have: R= A Az B2 -2ABcosq and , Bsin0O tan Bcosg$--Aio Bis no |onger
t he phase angl e, t is the arctangent, a function of the phase angle and
the anplitudes of derathe tyRGSIgNalss $iRp Maves yith asbittapyarpelitades fandgriitrary
equation shows that 0 is a strong function of 0. In fact, the relative
anpl i t udes ofhadealiffarence. Fagnagm! cawbe repragentdd asbelost r engt-h of this function.
This can be illustrated in graph shown in Figure 8, in

Vig =V, = Asinot
V,m = Bsin(wt + ¢)

s The output of the Low Noise Differential Amplifier 114 in this case will be

I Fight -
At the bottom PSD 106 the following operation occurs:
X'=V, Vo ~V, )= Asin a4 sin or — Bsinfor + )]
X'= %Az [1-cos2at]- %AB[cosgi +cos(2ax + ¢)]

10 This signal has a DC voltage component and an AC component at twice the

frequency. The Low Pass Filter (LPF) 108 removes the AC component leaving
P |
X==4 —EABcosgi
At the top PSD 106 the following operation occurs:

Y'= Acoswt[dsin o — Bsin{at + ¢ )]

15 We have a cosine multiplier since cosef = sin(at +90°).




which A and B are the anplitudes of the Left and R ght signals
respectively. As the 15 anplitudes are nore closely matched, the
sensitivity is higher for the lock-in anplifier outp®8Februagml9st or
anplitudes that are matched within 2% the sensitivity of 0 to O is nearly
100 tines that of the standard |ock;jn anplifier configuration. 18 February
2005 - 22 Figure 9 is a functional schematic of a dual lock-in anplifier
56 with which another exenplary nmethod for measuring the Coriolis force

i nduced phase shift in accordance with he present invention is

i npl enented. The | ock-in anpPifl @f sifvaw b Aﬂaﬁi@n&n&Bdn@mHﬁr dwar e or
software, or a conbination of bbth. The €ignals &e noving in the same s
manner and have the same definitions as disclosed above. The Left input 100
is also used as the reference signal. As before, the sine out 103 is.the
drive signal, phaagaihoekkaveaaignhlewith Aftand ApLtorhphesisgwhich after palssing thaeugh t he
Left Input 100 signal is mxed with itself and its 90 phased-shifted
signal in thgetwyr RhasendReildwig: Detectors (PSDs) 106 in the top |ock-in
anplifier 58. In the bottomlock-in anplifier 60, the Right Input 102
~signal is mxed with ao the Left Input 100 signal and its 90 phased-shifted
signal in the two Phase Sensitive Det ectors (PSDs) 106. The paired outputs
fromthe non-phase shifted PSDs 106 and =phadBsiapi.fted PSDs 106 are
differentiated in the two Low Noise Differéhtial Anplifiers 114. The DC
conponents of the signals are passed by the Low Pass Filters 108 to give
the. usual |ock-in anplifier outputs. The mathenatics, which may be

execut ed by any 1Galsuibtinpbihe ntiggiidel Roandithel phgsepanptes <5 from cipations 1 20 2 avee
the sane as in the nethod outlined above in conjunction with Figure 7,

t hough the ofgler in which the operations occur is different. In the Dual
Channel Lock-1n technique of Figure 7, two high level signals, with

R :—;—A\/Az +B?—24Bcos¢

and
0 = tan™ Bsin ¢
Bcosg—~ A
10 @is no longer the phase angle, but is the arctangent, a function of the phase angle

and the amplitudes of the Left and Right input signals. Analysis of this equation shows

that & is a strong function of ¢ In fact, the relative amplitudes of the imput signals can
control the strength of this function. This can be illustrated in graph shown in Figure 8, in

~ which A and B are the amplitudes of the Left .andr Right signals respectively. As the

is  amplitudes are more closely matched, the sensitivity is higher for the lock-in amplifier
- output, 8. Even for amplitudes that are match_ed within 2%, the sensitivity of §to ¢ is

nearly 100 times that of the standard lock-in amplifier configuration.




very small differences are subtracted. The |ow1level signal is then
multiplied wwth a high |evel signal, which can |ntroduce noi se |n anal og
circuits. or round off errors in digital 20 circuits. 18 Fepraema09 ock- i n
technique of Figure 9, the high |evel signals are first‘ mul tiplied and the
resulting signals, which are close in anplitude, are then subtracted
resulting in an output with | ower A& se. 18 February 2005 -- 2 3 A lock-in
anplifier's use is nost notable with respect to nmeasuring a | ow | evel

~signal that is byr oi.se .of. a nmuc he, l.ock-Jin
anpl i fier accong gflge??e? atfﬁ‘i‘céww Wﬁﬁo%g'éﬂi?‘@i&‘?gﬁ’@*‘éf: ggr"i‘l B o
filter. The signal and noise is nultiplied by a reference S|ne and cosi ne
wave, and t BERE ssthodHpomgrsusing BWCME’QS for¢e inducgd phaseshifivia ag¢psdanes withnce
frequency. The results of the nultiply/filter operations are DC signals
 that represéwt psenoiglention é&c imyletonted. | Vhe Ibtieinphapkfiedi thdye be inplehetteddy t he
reference frequency and the signal of interest can be determ ned by

atan(y/x) . hikdwaie®r QIfrwRaSH h Rombnitic bSbdtR! Chhe i ReSRodhd i TRNGSe
between two signals of the same frequency I's of terest. Th| s can be

acconpl i |, L ock-i | fi.ens lven h-the same
referencz fgg%u%%&i/%a%% ‘fl‘%n%ngﬁ?seé% geflﬁg? Cﬁl‘fﬂ% lgﬁg\,\foto c
illustrated I'H1 %tgure 10, Left and Ri ght |n8ut Si %al s 100, 102 are

mul tiplied Bytherefenessignali As befare. thssisouhd V35 the duvestgnab phaserlogked & the
frequency generator 144. The input signals 100, 102 are m xed wth the
sine and codifidnpsi H@hsignal.nlrRBBsag) the leRdnppa 90 eignaltihimbied wwifh ifself and itke90°
hessel IR |low pass filters 148 as described in conjunction with Figure is

6, Figure 7 p ggl%] I r S
per f or med onﬁ?ﬁ%anﬁﬁt anélﬂ- %égtﬁ?td ?Hr?fp)éufgéﬂgtg%g%&g% %%geﬁﬁ lhl?ﬁgitoggg }nng

phase diff eral%Bﬁﬁaer%:[ Iilnjttl:lc‘:)ibottom fock—m amplifier 60, the Right Input 102 signal is mixed with

10 the Left Input 100 signal and its 90° phased-shifted signal in the two Phase Sensitive
Detectors (PSDs) 106. The paired outputs from the non-phase shifted PSDs 106 and
phase shifted PSDs 106 are differentiated in the two Low Noise Differential Amplifiers
114. The DC components of the signals are passed by the Low Pass Filters 108 to give
the usual lock-in amplifier outputs. The mathematics, which may be executed by any

15 suitable digital or analog processing device 120, are the same as in the method outlined
above in conjunction with Figure 7, though the order in which the operations occur is
different. In the Deal Channel Lock-in technique of Figure 7, two high level signals, with
very small differences are subtracted. The low-level signal is then multiplied with a high
level signal, which can introduce noise in analog circuits or round off errors in digital

20 circuits. In the Dual Lock-in technique of Figure 9, the high level signals are first
multiplied and the resulting signals, which are close in amplitude, are then subtracted

resulting in an output with lower noise.




each signal with respect to the reference frequency. The difference between
the two output signals X, Y represents the phase difference between the
two input signals 100, 102. In the case of Coriolis AB§&PMERVEIOPNi s phase
difference represents an indication of 20 nmass flow 152. Wen using

| ock-in anplifiers to neasure the extrepgety small phase differences
associated with Coriolis nmass flow, it is necessary to adjust the reference
‘frequency to 18 February 2005 24 nmatch the signal of interest. If the

reference signal ,i ot very ¢lose to the signagl of . interest, a,ve | ow
frequency AC si gha’afoc e 'F““B[B%eéasrusﬁt“ {08t poje tq’gabfesl"??é 9 SUEAFLLE 3 }Ol“f'k’&gl '
148. The frequency of the Coriolis sensor changes with mass flow, =

t enper at ur e Siggalntiat yis baried gr ewdser ef af muelh dighso pplisedei nhe hleckrim amplifiemt
process. 5 The reference frequency can be' adjusted accurately by

processi ng abenplisipythis beadtdp af kooxtaRROkarfonebandpask filtérg e sighfiCind hoRe is
First, the derivative of the output vector is calculated. This nay be

acconpl i she’qmﬁapmlbg 'dlrt@%}é}ﬁe Lie aﬁcfe&h@wef L @Be paégé‘d WESIEhl Bw-SR0REUL | Ve

out put vectors.” The e original output vector s rotated 90 degrees and
the dot prqduct of.this vector and e_derivative . | cul ated, resulting
| an or Por TG PR riensn, DY metr §F o ampliny R b B aE D
generator 144. The error signal 150 is negative, positive, or_zero, if the
reference fighaleriha tepwsnt tocomeplenjvedorr do, Ube ehase differsngsebietween the
respectively. The amount of reference frequency adjustnent is dependent on
t he accur acyefofentditequpiicysad niesigmbofinteresbein tgelertminey by nlee(fxi)ner t he
adj ustment, the better the accuracy as is determ ned by cal culating the
standard devi ati on over a nunber of output sanples. :
In terms of measuring Coriolis force, the phase difference between two signals of
the same frequency is of interest. This can be accomplished using dual lock-in amplifiers,

10 each driven with the same reference frequency as shown in Figure 10. In the functional
schematic illustrated in Figure 10, Left and Right input signals 100, 102 are multiplied by
reference sine and cosine waves provided by a reference frequency generator 144. The
input signals 100, 102 are mixed with the sine and cosine signals in PSDs 106, then passed
through fifth-order bessel IIR low pass filters 148 as described in conjunction with Figure

15 6, Figure 7 and Figure 9. The multiply/filter process described above is performed on the
Left and Right input signals 100, 102 with a resulting phase difference output X, Y of
each signal with respect to the reference frequency. The difference between the two
output signals X, Y represents the phase difference between the two input signals 100,

102. In the case of Coriolis mass flow, this phase difference represents an indication of

20  mass flow 152,

When using lock-in amplifiers to measure the extremely small phase differences

_ associated with Coriolis mass flow, it is necessary to adjust the reference frequency to




However, the finer adjustnment (small step changes) of reference frequency
-wll be detrinental if there are step changes in the signal frequency, as
the reference frequency generator 144 will take too N®hgbuaRcH08g t he

i ntended frequency. If the signal frequency experiences frequent step
changes, a PID or adaptive algorithmcan be used to adjust the 20
‘reference frequency in a nore resppnsive nanner. In alternative

enbodi ments, the capacitance di spl acenent probes 50 may be nounted on

pi ezoel ectri tuators that u first, align the capacitange . |
di spl acern::ntl%zﬁﬁ Sb PR LB E S ;gﬂ‘eprl‘:%% o ‘St’F?rté‘@DBglﬂiﬁnEﬂ ﬁ’f‘fss.‘grlﬂbr"ﬁ her,
when used with the dual channel |ock-in anmplifier or dual |ock-in .

anpl i fier mePWEFS advesy: loys Benusasvedh, signabwil apper a dhe pwputs ol redpw-mran filters
dynam cal ly. adj ust the sensitivity of the of the flow sensor, thereby_

provi di ng anl48t Brdietuengynifahe Coripley sehicyrechaipeSwiih 1658 4G t@asrdtR) dagity

provi des conpensation for manufacturing variability, particularly the

posi ti oni ng &id prbifui] RAhSRSMickiMBehd BEAblRnl fobdlg capaci tance
di spl acenent probe. Dynami c posiTioning al so %hOV|des conpensati on for
di nensional shifts due to relative thernmal expansion of the various

~conponents. Used il ¢l ' ] g dual. channel |ock-i.n lifier or
dual | ock-in arrp_IF]r | er, %ﬂ%@(@:neyoé% }’%r‘?‘flﬂ’j%& ?08'\7%?‘;1%%’&%@[58”% IOA'{EI%}ﬁEnt
signals to be cl qgsel ' hed to provide an_adjustable sensitivity to,.
flow A I ov&’%ﬁ"ﬁqs‘?“&‘? é?et”‘?ft‘&wm %@ﬂ{&sl@& 19 Kirstithe dertyativmen the gHtpuihMegter i gh
sensitivity would be used for extended |ow flow conditions, thereby

i ncreasing t ¢pdenlpgada nThis may be aesmplished byrealsulatiugetht complex difference between two
R consecutive output vectors. Then, the original output vector is rotated 90 degrees and the

dot product of this vector and the derivative is calculated, resulting in an error signal 150
i that is provided to the reference frequency generator 144. The error signal 150 is

negative, positive, or zero, if the reference frequency needs to be adjusted down, up or

unchanged, respectively.

The amount of reference frequency adjustment is dependent on the accuracy of the

phase measurement, but generally, the finer the adjustment, the better the accuracy as

- 15 determined By calculating the standard deviation over a numbér of output samples.
However, the finer adjustment (small step changes) of reference frequency will be
detrimgntal if there are step changes in the signal frequency, as the reference freqﬁéncy
generator 144 will take too long reaching the intended frequency. If the signal ﬁ:equeﬁcy
experiences frequent step changes, a PID or adaptive algorithm can be used to adjust fhe

20 reference frequency in 2 more responsive manner,

In alternative embodiments, the capacitance displacement probes 50 may be

mounted on piezoelectric actuators that would, first, align the capacitance displacement




Enbodi ments of the present invention additionally provide inproved
~capacitance 15 neasurenent techniques, specifically, a _novel geonetry of

t he capacitance di spl acement probe. Normally, the di spP EeemamNt an obj ect
s neasured as a distance nornmal to the capacitance displacenent probe.
The di spl acenent may al so be neasgrgg as a distance tangential to the
capaci tance di spl acenent probe. Refé&fring to Figure 11, this can be
acconpl i shed by placing two plates 130 side by side with a uniformgap 132

bet ween the 2 L.ates 13 I Ehahad 1bdk- QQEEE e
tangenti al PBRFﬁéeHH@F%ﬁgngggE?cgﬁ%@“gﬁﬁ%Hgagﬁﬁgaﬁig%? as éﬁ%&%&in Figﬂre
11. I n one enbodi nent, the_ plate 30. wil| be.at.the s potent.ial and
the sensor tpdual dacksin eétmﬁ)‘?,l?)‘%ﬁng'sﬁlﬁfeéinpﬂginf tﬁ‘ﬁepli@%ggtggu%&wtﬁﬁog& 26
sensor tube 134 is positioned directly over the gap 132 between the pl ates
130 with t heynenipalytadiishibe isensitivikg 6f therafahe flow sprsoyy shereley praviging s extendedht i on
of the sensing tube 134 will position the tube 134 nore closely to one
plate 130 t hawpetdtep@ifigd. 130. The rel ative capacitance is nmeasured between

each of the plates 130 and the sensor tube 134. As the 5 sensor tube 134
noves. over one plate 130 or the other, the anpunt of area contributing to

- the capagitance W d?ﬁ!ﬁfﬁ Rt VG EGhthbiRnCRP AR ABGPNEBASbEY, AN
al t er nat igve conf :%}lliir]a |ong?as tﬁggég?) 132 runni ngndi agonal ly across t e

sensor tube 134 as shown. in Figure 12. This all.0 | . DI ©Gj

pl acement ofpaftf?é‘lag]wg HEgrositoning Of%ﬁ’m g ﬁ'ébeprf:igh‘éem%)f tﬁ? ﬁagj%%ﬁ@f g gjsql %be.mem

M sal i gnment of the sensor tube 134 wi|l cause a, 10 spaller m.s hch in

the signal asoksonbhrasEict rositiaing alsg| previdef pompensationy o ﬁ#@%@%‘o&ﬂﬁ e s

the gap 132 in a "saw tooth pattern as shown.in Figure 13. This is an

i mpr ovenent relitive thenal eagmsiah ofithp vaBaus contpoatntanUsetginlcambimaer with tanduabf
chamnel lock-in amplifier or dual lock-in amplifier, dynamic positioning allows the two

1o displacement signals to be closely matched to provide an adjustable sensitivity to flow. A

low sensitivity would be used for high flow conditions while high sensitivity would be used

for extended low flow cenditions, thereby increasing the dynamic range of flow

measurement.

Embodiments of the present invention additionally provide improved capacitance

15 measurement techniques, specifically, a novel geometry of the cépacitance displacement
probe. Normally, the displacement of an object is measured as a distance normal to the |

capacitance displacement probe. The disﬁlacemcnt may also be measured as a distaﬁce

tangential to the capacitance displacement probe.. Referring to Figure 11, this can be

accomplished by placing two plates 130 side by side with a uniform gap 132 between the

20 plates 130 and placed near a sensor tube 134 in the plane tangential to the motion

(indicated by the arrow 136) as shown in Figure 11. In one embodiment, the plates 130

will be at the same potential and the sensor tube 134 will be at ground potential. The




the sensor tube 134 with respect to the gap 132, whether parallel or

di agonal, will cause a difference in the rate of change of caé)acitance

bet ween the two plates 130. This will 15 introduce an1grh:\ﬁ§ﬂtaé\ﬁ ®Pange in
phase between the two signals. The "saw tooth7pattern w | average out any
angul ar m salignnent of the sensor,tube 134, providing nore symetrical
signals. Figure 14, Figure 15 and Figure 16 illustrate an exenplary |ow
flow Coriolis mass flow controller 200 enpl oyi ng capacitive pick off

Sensors in QaERNERNER Y Qti&ﬁbd%e@ff?%%%@tggﬁfl?? BEwRES BRI Plated ¥ 560 Wi Nthe The

Coriolis mass flow controller 200 1ncl udes ow sensor portion 202 and a
fl ow control rtion 204, A cessor either .internal..or extern to,the
rmes 11 ow ComPRE PBflos % patull BB FRP sl Srotb iR 3t Ui septie b8 dp4 o8] [ o
18 February 2005 27 nmass flow. The set point value is conpared to_the

act ual massPesition the tebeql amere plosdly ényone elater 430 dhan; the ottisp 180 gEiserelative an

error value. The flow control portion 204 includes a valve that is
mani pul at edecdpacitad§as tmeahieed batweemtashaf dhatplaiesil 2@ atdhthe aensor tubEHB4. Asthe
i npl ementation of particular control schemes would be a routine undertaking

for one 5 sidnkdrahd r34txﬂ&e§1ﬁberfb%¥ ipBe 13PoR8O 6ttt (R arkdlind oflares LAHbRIngand

t hus, the specifics of such an inplenentation are not addressed in detail

herein. Thegfl - ' ' i rou by an encl osure
205, inCIudg%cg&hggﬁggﬁu?%%%é%%H&ﬁ%%?¥@é%gﬁﬁimﬁﬁ%§ngggg ) shape, a drive
device 208 and two pick off sensors 210 positioned at opposite sides of
t he sensor tube‘§$6 t hat neasure.the qupla ement, of, 10 _the sides of the

sensor tube 2067 Altemative;copligysation ganc b2 rupping disganally jagross, Hiecsspiof

enclosed in a welded netal
tube 134 as shown in Figure 12. This allows a less precise placement of the sensor tube

134 over the plane of the plates 130." Misalignment of the sensor tube 134 will cause a

10 smaller mismatch in the signal as compared to the parallel gap 132.

A ﬁ:u_'ther embodinient has the gap 132 in a “saw tooth” pattern as shown in Figure -
13. This is an improvement over the diagonal gap 132 in that an apgular misalignment of
the sensor tube 134 with respect to the gap 132, whether parallel or diagénal, will cause a
difference in the rate of change of capacitance between the two plates 130. This will
15 introduce an unwanted change in phase between the two 51gna]s The “saw tooth” pattern
will average out any angﬁlar misalignment of the sensor tube 134, providing more

symmetrical signals.

Figure 14, Figure 15 and Figure 16 illustrate an exemplary low flow Coriofis mass

flow controller 200 employing capacitive pick off sepsors in accordance with an
W embodiment of the present invention. The Coriolis mass flow controller 200 includes a
- flow sensor portion 202 and a flow control portion 204. A processor cither internal or

external to the mass flow controller 200 receives an indication of a set point, or desired




housi ng. The sensor tube wthin the housing also has attached to it

di spl acenent or velocity sensors with wires connecting through feedthroughs
to el ectronics outside the housing. The sensor tube 18 FeheRNEACes is
relatively large and has a resonant frequency 15 that is about 100 Hz. For
smal | er sensor tubes, as in enbodi nents of the present invention, the
resonant frequency is sonewhat hi ghier, on the order of 200 Hz and greater.
As the frequency increases, there will be an increased viscous danpi ng

ef fect due Lo, (e, BHRsphar) GuEaDMbLLEREId BS:0Ral BE.SRAPQL nARELOBY B BY

evacuati ng the encl osur I'hg vacuum conp materials inside

t he encl osure, the viscous danpi ng can be 2Q_reduced ,or, even i.m,nat ed.
Thus, in t hecRRBRAIER20 1D ganFalgtan; aros Sphugt gfdl,e %%C%F@@Pm%@é‘ il
situated within a vacuum sensor housing 207. 18 February 2005 - 28 The
sensor tube 206 ilmt deshapipdated tal adjust ethasflow taes dind gmimimizg g afele alhg ne
connecting the legs of the tube's |oop. The loop is w de enough to all ow

el astic tw ShipRéhen@HOW bf phRicERN CEItkdl NChéfiest Weull ARPa rbutiner tielertblingdasune t he
Coriolis force at low flows, the sensor tube 206 nass needs to be

T capaniBrgs 3 Belet haf k' ERAGITEE dioPally BTARR e SRR IR 2y

still capabl arn s at ext pressures. is al so
preferable for,the pick of nsors 2 t 0. be non contact since any contact
o th the. ¢ utplespials adol rlBRRALR el nERitbe 206 My suppr 6ss the o
Coriolis force. Pick off sensor technol ogies may include capacitive,

~magnetic, piezoresistive and optical. Piezoresistive, strain gau
di spl acenent sensBedlomtsensnrtpostion K., phish ipsurroandedby %emfeo?()%t Wgﬁ\d%f)
where the displacenent is mnimumand the strain is the highest. This
woul d have ndensomaibe06 dleit isolsent néo 4 tdop' shapei, brrive deviceCQSi andltwo gidkrod wwgsws
i ncl ude various .
210 positioned at opposite sides of the sensor tube 206 that measure the displacement of

10 the sides of the sensor tube 206.

In existing Coriolis Vdevices, the sensor is typically enclosed in 2 welded metal

_ housing. The sensor tube w1th1n the housing also has attached to it displacement or
velocity sensors with wires conﬂecﬁng through feedthroughs to electronics outside the
“housing. The sensor tube in such devices is rélatively large and has a resonant frequency

is  that is about 100 Hz. For smaller sensor tubes, as in embodiments of the present
. invention, the resonant frequency is somewhat higher, on the order of 200 Hz and greater.

As the frequency increases, there will be an increased viscous damping effect due to the
atmospheric conditions inside the sensor enclosure; - By evacuating the enclosure and
utilizing vacuum compatible materials inside the enclosure, the viscous damping can be

20 rteduced or even eliminated. Thus, in the exemplary embodiment iﬂuétrated, the sensor

tube 206 is situated within a vacuum sensor housing 207.




| aser and white light interferonetric displacenent techniques,

triangul ation techniques, nultiple internal reflection and beam

occul tati on techniques. Magnetic displ acement technol d8iFebriaRc?Qide Hal |
effect, eddy current, variable reluctance and magnetoresistive is

t echni ques. Capacitive pick off sensoré& echnology is used in the enbodi nent
itlustrated in Figures 14-16, because it has the sensitivity required to
measure the tube di splacenent, it is noncontact, and would not be affected .

by a magnetic dr THE s6iR¥t e FSi %@?ﬁ i ' - Of egqc

i nclude at | east one conducti velspl a eé%g%@%%(?ﬁtlgﬁ%%ggp‘zﬁgmagfgmgi ven
vol t age pot j I t adj ace he fl aw sensor tube 206 sqQ as to
define a gg@%ﬁ@@g@%éﬁ&ﬁﬁ@% 8t gilﬁi%qp ?J’B@é %g,ﬁg;o Eéf‘é‘dt“f‘%}mg
vol tage potential different than_the conductive plate 300. The capacitance
bet ween t heg%‘r‘uglﬁc‘i"m?élmﬁlogtﬂée lsop Hherdento messupmathe Goriplioboe: at low flawsothe

sensor tube 206 varies due to the relative notion of the conductive plate
300 and t h esensoibe 206 masst ndeds ROIG: mingnized e Thbeosizing iss@iticiluiie ithe wibbmaédxd
206. In the enbodi nent shown in Figures 14-16, the conductive plates

conpri ses f i tebo sanll g llckaphiat oF rainfe > ORRS: AOCYERSA HORLHIC! AP atlol N

Figures 11-13. In the particular s enbodinent i1l ustrat saw-t oot h shaped

pl ates, as j oy Fi r oved.. The capacitjV i.ck off
Sensors 210blgerkég§ae{§5§%§%'g{gk ioﬁ%gﬁsg)rﬁsl ?Inot %g&a’?@%%é?&?‘%?%‘?%ﬁ with Lgﬁg“l}eo fit
into the segié)r enclosure 207  di rrgnsi onally referenced to the back wall of
the encl ostir e?2H#s % fube 260 may yeppress s feerialis foreat es 300 of t he
capacitive pick off sensors 210 are manufactured on a multilayer printed
circuit board so_as to provide a 10 guard layer to minimze parasitic
capaci t ance and Bick aiscawmttedmologige may drcleds! chpnditice, tmghétie, piezoresistive and

optical. Piezoresistive, strain gauge displacement sensors do contact the tube but at the

to base of the loop where the displacement is minimum and the strain is the highest. This
would have minimal effect on the tube’s vibration. Optical technologies include various
laser and white light interferomeﬁc displacement techniques, triangulation techniques,

' 'mltiple internal reﬂection and beam occultation techniques. Magnetic displacement
technologies include Hall effect, eddy current, variable reluctance and magnetoresistive

15 techniques.

Capacitive pick off sensor technology is used in the embodiment illustrated in

Figures 14-16, because it has the sensitivity required to measure the tube displacement, it

is noncontact, and would not be affected by a magnetic drive device. The capacitive pick

off sensors 210 each include at least one conductive plate 300, which is connected to a

20 given -voltage potential and situated adjacent the flow sensor tube 206 ‘so as to define a
gap therebetween. The flow sensor tube 206 is connected to a voltage potential different

than the conductive plate 300. The capacitance between the conductive plate 300 and the




sensor block 301. Since the capacitive pick off sensors 210 are required to
operate in a vacuum |ow outgassing materials are used in the illustrated
“enbodi ment. Standard fiberglass materials are not vad&fifbe@Rp#Gl e.
Desired material characteristics include that it be vacuum conpati bl e,

sol derabl e, bondable into nmultilayers with a | ow outgassing 15 bond and
that it have a |ow dielectric const@ht” for si npl e guard | ayer design. In a
specific enbodinent, comercially available DUROD is used. The sensor

bl ock 301 @A 3hsir el I8 vaRBAGcth VIR Riaike Rblios BNGRConRREvERNCI300 andthest ed
to.optimze the spacing to the sensor tube 206. This is acconplished using

el ectron digscharge i-ned hi nge pl . tscrews spread gaps to
effect i ngg?”?#&ﬁﬁ%&ﬂ%?%gngeﬁgéﬁﬁbﬁ%g%g%[%g%%i ve pick off sensors.
Further, the conductive plates 300 of the capacitive pick off sensors :
i nclude contact pads thaj allow wi.res to be sq] dered .or wre bonde 0 a
printed circuit Mobg e et sgﬂ‘gnf“? ?ﬁ‘“eéfi“f}é tg‘é ¢ \fe&weigopgﬁeugrr% 2005
30 interconnecting the capacitive pick off sensors 210 with a herpetically
seal ed el eahdisemind plaesresclisstosedabiove mt emjunctien with Figegsadr tanadhepapicalBe nent
el ectroni cs outside-the sensor enclosure 207. The drive device 208 drives
the tubg 2QboBinenillagedéd)gawpsiRth vhdped biats, astiostdand i Figute 13) avd dimployed. | n

the illustrated enbodi nent, the drive device 208 consists of a snall magnet

304 sol der Ol h iRy HER Ofr {etiRfs 396 o\l SR o ChCRIEAFRORALCHISEL BOBOO tO

alternately ™ pu and” pu on t%e magnet I'n the enbodi nent shown in

"Figure 16, a non-rare_earth net,..and mare particularl I | at ed
samari um cogafto gt theisensqr E‘ETFTO%'H?GZO’)‘S &H&W‘B?ﬁ]@&%{ﬂepceﬁ‘gta r%? b%gs% %hgl;otg
magnetic strength to weight ratio. In this

enclosure 207 by press pins 302. The conductive plates 300 of the capacitive pick off
sensors 210 are manufactured on a muliilayer printed circuit board so as to provide a
1 guard layer to minimize parasitic capacitancé and a back contact layer for soldering to the
sensor block 301. Since the capacitive pick off sensors 210 are required to operate in a
vacuum, low outgassing materials are used in the iflustrated embodiment. lStanda:rd
fiberglass materials are not vacuum compatible. Desired material characteristics include
that it be vacuum comiaatibie, solderable, bondable into multilayers with a low outgassing
15 bond and that it have a low dielectric constant for simple guard layer design. Ina speciﬁq

embodiment, commercially available DUROID is used.

The senmsor block 301 containing the capacitive pick off sensors 208 can be
adjusted to optimize the spacing to the sensor tube 206. Thxs is accomplished using
electron discharge machined hinge plates. Tapered setscrews spread gaps to effect linear

20 and angular movement of the capacitive pick off sensors. Further, the‘conductive plates
300 of the capacitive pick off sensors include contact pads that allow wires to be soldered

or wire bonded to a printed circuit board 303 on the front of the sensor block




10 enbodi nent, the magnet wei ghs approxi mtely 20 ng. The magnet 304 is
positioned at the top, center of the sensor tube 206 so that the nmagnetic
poles are directed parallel to the -tube's preferred!8iFepruapesdH
direction. The coil 306 is |ocated outside the sensor enclosure 207,
coupled to a circuit board 209. The sensor enclosure 207 is nonmagnetic
and thus transparent to the magnetiggfields. 1s The coil 306 is an open
coil type as opposed to a toroid design. In this enbodinment the coil 306

iS a conmer gj [ . nguct or ed. at, | east .1 nH. . The center
i 6 Cor ¢ nadenhedil' @ GRRN Tl BELERBE A St prPlty sPike, SefmgTc
304. The sensor tube ,206.is driven to resonance using the signal fromone
of the capa&PRuesiar Shat dnisripces ity capagiance (displasement elegyonics quisida the ssmparyi t

t hrough a phase | ocked | oop (PLL) function. The 20 function nay be

i npl enent edebdosare WTectrical circuit or in software. The sensor tube 206 is
nmounted to a base portion 212, which defines a flowinlet 214 and a flow
outlet 216, such that a fl ow passage is provided fromthe inlet, through

the 1 8 FebruaryTaOfive dedice 208 drivaans filbe 206 nte Abendiid BIYAE vibhioh Q¥R L I o
portion 204, and through the sensor flow outlet 216. The fl ow control

“portion 202¢4 ppkdem e TRbRiocd Aikoding k" N2 O nsi ghetCOVer
230 situated therein. A valve stenﬁ@%&ﬁ?ﬁ%ﬁcﬁ%%%%%gﬁgﬂgp%& hi n
t he val ve cg} 8,.ang, a valve b 236 is connected to fhe nmeter body 222

with a seal gg‘i ﬁééeﬂf‘ilng?g%eem(gnt}lbﬁgaé asmall ‘%&H‘,’még‘ﬁ}? iR 3§ﬁ2° éﬁﬁ"%‘ﬁy
orifice 244 are positioned wthin the valve body 236. End bl ocks 224, 225
are sit uat eBurandipplen theqegset 30e Inthsemhodimesit shqyar iniFigure 06, amarkrageedrth 226

provi ded between the neter body 222 and end bl ock 224, and between the

val ve body Bgnanahdemdred partikul2Rh . a hickelnsiated Basthi@n tcobdlh eragha! i§ vdd® The

samarium cobalt magnet has a good magnetic strength to weight ratio. In this

1o embodiment, the magnet weighs approximately 20 mg. The magnet 304 is positioned at

the top, center of the sensor tube 206 so that the magnetic poles are directed paratiel to

the tube’s preferred disp]acemeht direction.

The coil 306 is located outside the sensor enclosure 207, coupled to a circuit bdard

209. The sensor enclosure 207 is nonmagnetic and thus transparent to the magnetic ﬁel&s.

15 The coil 306 is an open coil type as opposed to a toroid design. In this embodiment the
- coil 306 is a commercially available power inductor rated at least 1 mH. The center axis

of the coil 306 is aligned perpendicular to fhe face of the magnet 304. The sensor tube

206 is driven to resonance using the signal from one éf the capacitive pick off sensors as
feedback to the coil drive circuit through a phase locked loop (PLL) function. The

20  function may be implemented as an electrical circuit or in software.

The sensor tube 206 is mounted to a base portion 212, which defines a flow inlet

214 and a flow outlet 216, such that a flow passage is provided from the inlet, through the




conprise el ectrofornmed nickel seals. to In an exenpl ary enbodi nent, the
Coriolis mass flow controller 200 is assenbled in the foll ow ng manner.
The neter body 222 and sensor enclosure 207, as wel | 48 FgbBese2003 ate 310,
a center post 312 and the sensor tube 206 are assenbled and held in place
by a fixture that dinensionally references the sensor tube 206 to the
wal | s of the sensor enclosure 20¥! The remmining parts are indexed by
press pins 330. These parts are then is brazed as a single unit. The nagnet

304 is sol dgpteRdt QutleMD6S ARG thel Hew2R6atrolTRRtGEDEN and irough (6 kedssr flow
assenbl ed and installed into the sensor enclosure 207 using press pins 302.

The press pins 392 G5 A0 NG RRGIAT e RRH39Y i) e @iRBE by

appr oxi mat el’y netiically sea connector 320 is pressed into

t he back opening, 322 t.he .sensor ,encl osur 07, .The sor..hlock.press
pi ns 302 an&n‘f‘@?m"%gq %’tug@glﬂée&ell!’o%‘@i‘feﬁenﬁg?’%% pipmer 25@?”&} tf“gg'él m-

- wel ded to provide a |eak tight seal. A cover 324 is placed over .the front.
si de of t he tsevabercodriBoand @ valey bedy 2368 connecisdup tammeier bad 2P hudp doveal
a-beam wel ded into place, providing a vacuumtight environnment. 18

‘Febr uary 520038 thedébeiwdaf, NenbieeatP4024 Weing CAP and ai srifived?4drule positidosd 2dthin 225
are then assenbled with the neter body 222. The el ectroforned nickel seals

226 may be | At ri -9l h& Batv cditrol
t ggeﬁ%l‘éeg@é@ezggwﬁgfﬁ Bick@-20 P55 ard B}t uREd B8 @ethdrndCGE tro

pur poses, ‘ e nickel seals. The electronics are
ssenbl ed and | | |.ed I d 3 Ly, - I '
ot al | od o EHB PAHTLar 228 P Ehealy Bet bt e BRI 18

the o-ring seal 332. Camlocks on the base gl ate 310 are rotated oi ck
| : &eréwﬁsc%@

down the endrebrendhoualve hadyp23piang emlablpek 233+ Jmy e embedimente over
cap 336. The electronics cap 336 is
comprise electroformed nickel seals.

10 In an exemplary embodiment, the Coriolis mass flow controller 200 is assembled in
the following mamner. The meter body 222 and sensor enclosure 207, as well as a base
plate 310, a center post 312 and the sensor tube 206 are assembled and held in ‘place by av
fixture ﬂﬁn dimensionally references the sensor tube 206 to the walls of the sensor
enclosure 207, The remaining parts are indexed by press pins 330. These parts are then

15 brazed as a single unit. The magnet 304 is soldered onto the sensor tube 206. The sensor
block 301 is assembléd and installed into the sensor enclosure 207 using press pins 302.
The press pins 302 extend through the back of the sensor enclosure 207 by approximately
0.5 mm. A hermetically sealed connector 320 is pressed into the back opening 322 of the
sensor enclosure 207. The sensor block press pins 302 and hermetically sealed connector

20 320 are laser or e-beam welded to provide a leak tight seal. A cover 324 is placed over
the front side of the sensor enclosure 207 in a vacuum environment and laser or e-beam

welded into place, providing a vacuum tight environment.




posi tioned over a user interface connector 338. The electronics cap 336 is
pressed into place on the enclosure 205 affecting the o-ring seal. The
assenbl ed mass flow controller 10 200 is then tested187@beay 210 ed. The
exenplary Coriolis mass flow controller 200 has a nodul ar design that

provi des several benefits. As discussed above, the el ectronics packaging is
designed to effect o-ring seals at the.,flow body (between the | ower end of
t he enclosure 205 and base plate 310) and at the top to a user interface

cap (between the HRAGKMaRE vllve COBBPGHRASARY bfd bSO 42B8s %%Ewmm ]

336). The electronics cap 336 is connected to a user Inte

i-nt |t el I 0l | 2 whi ch i I ted,
to the sendh® Setfilly 32 "3R8 el BibBRCY ke Sruc st miu S e oSeBdnfET °

i nterface board 340 togefher define the interface to the user's

el ect roni cs."08R MY be Y§Rd fosccafibration, ppupoges; ghengigplacest mithithe nickelosenlsc o The

according to the user's requirenents w thout the need to design 20
di fferent selgssrons anoassembled and tinstalled onathd @ngllasd assefnbly. eAalo-tisg332 is
configuration. A variant of the user interface cap, for exanple, will have

seal s and eligGilled@althe BAE Pidte § 10 #HdAKé SRIGuALYICE prddald dowd &reP MNEMRe 441
conpliant. An exanple of such a 18 February 2005"- 33 device 400 15 shown

~in Figure 1 I ' ; ' iJlustrated in.Figu 14-16
el udes: a CoZhQaRERRY 4P A bale e I PO e Thlled bR Ll BBh AT ad 800
~in Figure 18, el ectronics cap 337 is extended to _provide space for. the
addi ti onal %gg%%f@%ﬁlﬂﬂr 8% efegronics) §PYSr ckPa? 3t p pl e sleptappicsscam §8H dp
feature of an o-ring sealed enclosure 205 is that it provides a tertiary
fluid cont dositiened ovedna wsen interface benr@OSr B38.n T hieledechronicneap B3Giiscressed aitomnent
and the sensor '
place on the enclosure 205 affecting the o-ring seal. The assembled mass flow controller

10 200 is then tested and calibrated.

The exemplary Coriolis mass flow controller 200 has a modular design that
provides several benefits. As di;cussed above, the electronics packaging is designed to
effect q-ring seals at the flow body (between the lower end of the enclosure 205 and base
plate 310) and at the top to ;1 user interface cap (between the upper end of the eﬁclosqre

E 205 and electronics cap 336). The electronics cap 336 is connected to a user interface
board 340 internal to-the Coriolis mass flow controller 200, which is also connected; to
the sense and control electronics. The electronics cap 336 and user interface board 340
together define the interface to the user’s clectronics. This allows the flexibility to
configure the interface according to the user’s requirements without the need to design

20 different semse and control electronics and enclosure for each user configuration,

A variant of the user interface cap, for example, will have seals and electrical

conduit to provide a device that is IP—.65/NEMA 4X comphant. An example of such a




encl osure 207 providing the secondary containnment. In the event that there
are bubbles - in the fluid being controlled, the annul ar opening_. around the
pl unger in a conventional valve restricts the passage1§fgbﬁ664@¥5to t he
outlet. of io the valve. Bubbles will collect at the entrance of the annul ar
opening to the point that the Il+iguwdflowwll be restricted and fl ow
control will be lost. If the annular opening is enlarged, the increased
spaci ng of the plunger fromthe valve coil wll reduce the field strength

in the magnetic cir.cuit and.thus.reduce the effective for e
achi eved | nievise P it Syt g 185 B SR mtton s Shiopdrenf B REhy S
created by the fluid. Thus, in the 15 illustrated Corioljs rrassugﬁill ow,
control | er bbio ingludes aoareckns 2 xoppled to thys, nies dntenfacs hgard P  SSRGRP P34,
"The circular hole 246 is conpatible with the shape and size of the bubbl es,
al | owi ng buBighres 18,0amp &kstronice chp S317yist éntendgtl tohprovidevepacd o the aidditiensl t he
possibility of flow restriction caused by the bubbles. The hole 246

through t hecdngithnBiits fqulrB€ foRlapafiRular ARdicifidy M zes any -effects on the
magnetic circuit so that the force to open and close the 20 valve agai nst

hydraulic forces is nmaintained. Wth typical existing valves, the valve

pl unger has a capji ;ftd]ﬂt_'- e %$ rlitg,g i{:r@{_)t b fhiat hat,,
when pregsed aga%l%tl{&ttgéﬁ#ean ofll"%ne ogie%'{l%){&éw ]F(a%f(t)? a 11% e %E%ry 2005
34 seal against flow. In the, c of a.norpmally c¢]osed, solenojd type

val ve, t he $Astaumea estensarabe 406 beig e lﬁwaﬂpﬁdcwaﬁm%ﬁ!ﬁghﬁaﬁeﬁﬁ)ded so
that the solenoid action lifts the seat fromthe orifice land. In the case
of.- a nor mal ¢nriasprer07 podadiog thetspgpadarylopptammest.f or ce  agai nst the set is
generated by the solenoid action and is bal-anced so that the spring lifts

the seat fromthe orifice when the magnetic field is renoved. The seat
mat eri al may be Inthe event that there are bubbies in the fluid being controlled, the annular opening

around the plunger in a conventional valve restricts the passage of bubbles to the outlet of

10 the valve. Bubbles will collect at the entrance of the annular opening to the point that the
 liquid flow will be restricted and flow control will be lost. If the annular opening is
enlarged, the increased spacing of the plunger from the valve coil will reduce the field
strength in the magnetic circuit and thus reduce the effective force that can be achieved in
order to open or close the valve against hydraulic forces created by the fluid. Thus, in the

15 - illustrated Coﬁolis mass flow controller 200, a circular hole 246 1s provided through the
plunger 234. The circular hole 246 is compatible with the shape and size of the bubbles,

| allowing bubbles to pass more freely through the valve. This minimizes the possibility of
flow restriction caused by the bubbles. The hole 246 through the center of the plunger

234 minimizes any effects on the magnetic circuit so that the force to open and close the

20 valve against hydraulic forces is maintained.

With typical existing valves, the valve planger has a captive seat that is made from

some deformable material that, when pressed against the land of the orifice, will farm_ a




el astoneric, plastic, or a ductile metal. It is usually preferable to have
el astic deformation over plastic deformation so that the seal is
repeatable. Alternatively, hard materials may be used 1B&ebiusey 3¥n and

| and, but fabricated to very tight tol erances including highly matched
surfaces between the seat and 10 land. This is a high cost approach. The -
spacing between the seat and land is_cgjtical to valve operation since the
magnetic force on the plunger is not Iinear with displacenent. In the case

of a nornal Y ey wee { dpemmstt he
seat rel ati\%ﬂ? %ﬁﬁﬁvaﬁ% ﬂtﬁt{;%gggf%e o%_tcfléﬁgg’e%iﬁn%ﬂ%er té&%e?{g\gﬁede t he

o mum 1 of 1 ey b efegeied By drepor tianed wopreiteyobpasfof g terRal
force of the seat against the land is generated by the spring. The spr.ing

h
force needs fiom He enficeilandentn the easosef ngenmwlly appar salenoid fipecaidve, jha tdrce

mnimzed to allowthe magnetic force to lift the seat fromthe |and
sufficient digihanbesd s gdrenited bpttiensofenbidatiorsnd isi batandelsocthat theyspusg lifis
vari ety of nmeans to adjust the spacing between the seat 20 and | and,

i ncl udi ng phackng rahi %g ogpgfhhk$&é @.a%ma& HRRIEE rerlbvddaViROseit kiHesialagy be

adj ustnment screw in t I ce conpohent. As shown in Figure 17A, however,

a typical threaded. adj.ustnment .in the orifice does not seal between the
orifice body eé’ﬁnpal#ﬂ&?fé’lcﬁlgtdﬁd’&‘i}gl8 February 2005 35 252, |leaving a
| eak path 254 between threads 256. Such a threaded adjustnent requires
that the threads 256 be seal ed agai nst fluid | eakage. se ?r at e seal,, . such
as an o-ring or lhiareally preferable 40 hayesclastig defopmation Qyey B @)ﬁ? &g At of
the present invention, the orifice 244 and/or |and are

' the seal is repeatable. Alternatively, hard materials may be used for the seat and land, but

ﬁbﬁcated to very tight tolerances including highly matched surfaces between the seat and

0 land. This is a high cost approach. The spacing between the seat and land is critical to
valve operation since the magnetic force on the piuﬁger is not linear with displa(;ement. In
 the case of a normally open valve, the normal position of the plunger and thus the seat
relative to the land needs to be optimized in order to provide the maximum force when the

.seat is moved against.thc land, while allowing the maximum flow in the open position. In

15 a normally closed valve, the force of the seat against the land 1s generated by the spring.
The spring force nceds to be sufficient to close against hydraulic forces, yet mmlmlzed to
allow the magnetic force to lift the seat from the land sufficient distance to allow

maximum fow.

Existing devices may use a variety of means to adjust the spacing between the seat
20 and land, including placing shims under the land or seat, or having a threaded adjustment
screw in the orifice component. As shown in Figure 17A, however, a typical threaded

adjustment in the orifice does not seal between the orifice body 250 and the valve body




5 made of a plastic material, such as VESPEL(r), which is machinable into a
t hreaded conponent with a precision orifice. As shown in the exenplary

enbodi ment illustrated in Figure 17B, the threads 25d88&ebruanciled
oversized so that there is an interference fit 258 between the orifice
body 250 and val ve body 252, thus sealing, elimnating the need for a
separate seal (o-ring or gasket). The3érifice land now is the defornmable
menber io sinplifying the design and nanufacture of the valve seat 240 and

pl unger 234 ﬁ52?fle%%§ RediOpath e HeRvelR t13Bgs B8E: SRR aNKRAGKH adjiifaiti Bdhires
however, is not necCessarily Iimted to any specific valve ~plunger

configuratign Ln.alterpative enbodi pment a pu is. used | C he
varve " A iRt et e s S Rl A e e ARt S BUATF e of
_purposes. In particular, a_ls piezoelectric punp may be enpl oyed that.

i ncl udes a ##s ptarpyidesdhis s¢abz oel ectric tube portions. The piezoel ectric
tube portions are controlled in a manner to cause different tube portions
to constrict or expand, thus allowing the fluid flowto be controlled as
desired. Figure Iaccordarsemdthaspentoefitbe presatpiventjonCthei asifics 244 owl/o1 land atensi ng
device in 20 accordance with still further aspects of the invention. The

L1 ustrag edmal oplal PlafiRSBatehif\Vse@ 8¢ VESPEYIE; Swhiol it MichinSle iMBDA hroddedr

things, alternative structure for neasuring the tube displacenent to

d h i ol ] . d fl h i

e oSS AT R et b
t -t t 502 { i toi t t t

o Lop o el Gl TR SR S e S PSRN o el e LR e

- the opposite side of the tube 502 facing the |ight source 510.
- between the orifice body 250 and valve body 252, thus sealing, eliminating the need for a

separate scal (o-ring or gasket). The orifice land now is the deformable member
10 simplifying the design and manufacture of the valve seat 240 and plunger234 (referring to

Figures 15 and 16).

The present invention, however, is not necessarily limited to any specific valve

phnger conﬁgmatibn. In alternative embodiments, a pump is used in place of the valve.

A metering pump, for example, may be used for fluid control purposes. In particular, a

15 piezoelectric pump may be employed that includes a plurality- of piezoelectric tube
portioﬁs. The piezoelectric tube portions are controlled in a manner to cause diﬁ'erent
tube portions to constrict or expand, thus allowing the fluid flow to be controlled as

desired.

Figure 19 illustrates another exemplary Coriolis mass flow sensing device in
20 accordance with still further aspects of the invention. The illustrated Coriolis mass flow
- sensing device 500 includes, among other things, alternative structure for measuring the

tube displacement to detect the Coriolis forces due to mass flow through the tube. Light




The photo detectors 512 are connected to sensor el ectronics that process
the signals 5 received fromthe photo detectors 512. The sensor el ectronics
may enploy digital signal processing devices, such ad8fkbrusiygiis
processi ng nethods disclosed in U S. Patent No. 5,555,190, or the lock in
anplifier as disclosed herein in conjunction with the enbodinents
illustrated in Figures 6-11. O her enb®dtnments are envi sioned that use
nodal sensing or sinusoidal curve fit, wherein the received signal is

exanpl 6. fﬁ%‘#géﬁ%@%ﬁgﬁﬁ cH e %ﬁe@sﬂhﬁﬁ?gﬁf B BB e s et
detectors 5 ar t t sense CUII | rrpl enmented on an

opti cal seniﬂi g%?elﬁ‘f)gﬁmcfsre&{ﬂ?‘{g ng’a*’%ﬂkelﬁﬁi est. tq flighss WorkheeRRa §elgFieTHhot o
detectors 512 corrprl se infrared LEDs and photodi odes to sense the notion

of 1t he senson2¢captiende plaed ondlimopposits gide of 118 tubt 602 fming thevtigltsoureet51015
LEDs 510 and phot odi odes 512, one set to sense each side of the sensor tube

502. Fi gur e 1@ plota detecoks dlmgf@mmﬁwlse@okmdchbﬂmﬂﬁlp&i@w@@&ﬁd f a
Coriolis mass flow controller enploying the optical Coriolis nmass Tl ow

sensing devirg@iaaGoRirhbib ddibdits $149 ThI N BPLA Gl kA

sensi ng devi ce 500 nmakes up a portion e[?lg pI)'p I ca @9@@%041
optical sen 5 royvi ef.t _and right oyt 0,521,
(correspondﬁjngég%g%g[% %ﬁucg tﬂ’ EB?CFF%}%HIS#‘OB%QJS@@%QO‘P sbga‘%@ to a
sensor pic aﬁOff and drive ci rcwt 524 residing on a notherboard PCB 526
via an opti cal3ddPyor theplepkoin smplifign |a§ad$@¢§eg Hergimn it slonjunetinm twip 8hg s

‘al so inplemented on the notherboard 18 February 2005 3 7 .PCB 526. A
digital si gesbognoossilistptddDBPFigBE8 GBN i Gibbu e@BodimBSP ap¢ eadsionyd M2 us@

fl ash EEPROM 534, a hi gh-speed SRAM 536, and | ogi c and supervisory -circuits
538. A modal sensing or sinusoidal curve fit, wherein the received signal is compared to a

10 reference using least squares phase determination, for example.

In one specific embodiment, the 1ight souices 510 and photo detectors 512 are part
of an optlcal sense circuit implemented on an optical sense printed circuit board (PCB).
The light sources 510 and photo detectors 512 comprise infrared LEDs and photodiodes
to sense the motion of'the sensor tube 502. As shown in Figure 19, there are two sets of

15 LEDs 510 and photodiodes 512, one set to sense each side of the sensor tube 502.

Figure 20 is a block diagram schematically illustrating portions of a Coriolis mass
flow controller employing the optical Coriolis mass flow sensing device 500 shown in
Figure 19. The optical Coriolis mass flow sensing device 500 makes up a portion of the
optical sense PCB 520. The opticel sensec PCB 520 provides left and right output signals

20 521, 522 (corresponding to the left and right portions of the sensor tube 502) to a sensor
pick off and drive .circuit 524 residing on a motherboard PCB 526 via an optical drive

PCB 540. An e,pplication and control circuit 528 is also implemented on the motherboard




Texas I nstrument TMS320C32 processor operating at 50Mlz functions as the
DSP processor 532 in one enbodi nent of the invention. An RTD 542 provides
an output to s the sensor pick off and drive circuit 38&epiuark 285t i cal
drive PCB 540 to neasure the sensor tube tenperature. The sensor pick off
and drive circuit 524 further provides an output signal to the drive coil
513 for controlling vibration of thé7sensor tube 502. The tube is vibrated
- (in and out of the paper as illustrated in Figure 19) using a coil 513

driven with RCB5DE Mghﬂ%ighﬂ%réﬁﬁﬁﬁ?ﬁg%@fmﬂ%gxn&ﬁde% r&efgél‘"l?ﬁcé%r 5358

magnetic so force created by the coi (for exanple, I nduct or as
in the enbodj ' ROV @ of punctiion with Fi.gures 14-16)
pushes and pu gﬁg}%@g/f%%%gﬁg@%%(?ﬁgwgg&a@?a{%ﬂgﬁ e %%%?Séég'e%oz,
t hus inparti tion. e 502 vibrates, the _anpunt of infrared
light r eachi%ﬂﬁ%ﬁfﬂﬂ‘aﬁmgg&ﬁm@w taperatippat oMz fimetionsy 88 dhe DSP
decreased as the sensor tube 502 noves back and forth in the |ight path The

optical sendwocessor 532 i one embagdirsénd tof shet ingeritioghtA RTDaf42omevided an volptinges
that represent the position of the tube. As the sensor tube 502 vibrates,

the out put s thé sdnber gk bffadndsdive @irGhit 24 Wiadhe WpkicAl drivk W 586 1§'@¥%BSure the
representing the notion of the left and right sides of the sensor tube 502.

Wth no nas r r X t Left and right
si des of thz’eéshﬁgh&gg%ﬁg?%ﬂ#nqg gqsxfg@e%%%%ﬁé}de or eéﬁﬁ% S?aoweﬁé’raﬂg%ss“gre
in phase indj i..n eno flow. 0 mass. flQw i ncreases through the sensor
t ube 502, t'r?é‘gpg‘?.é‘g%‘lg‘f#éjf‘é%%ﬂ@aék%w ﬁB‘?@WOﬁ%ﬁefqﬁmtﬁwﬁ%d ri ght
side of the sensor tube 502 increases (linearly with mass flow): 18
February 2005 38__The sensor pick off and drive circuit 524 generates the
sensor drive si gh&f tybednyibrateddand sut abthe pagerss dlustpiedinFigyre 39Pusinpvecait or e,

the sensor tube 502, optical pick offs
513 driven with a sine wave at the resonant frequency of the tube 502. The magnetic

10 force created by the coil 513 (for éxample, a 1ImH inductor as in the embodiment
described above in conjunction with Figures 14-16) pushes and pulls on a magnet 514 that
is attached to the sensor tube 502, thus imparting motion. As the tube 502 viBrates, the
amount of inﬁared light reaching the photodiodes 512 from the LEDs 510 is inéreased or
decreased as the sensor tube 502 moves back and forth in the light path. The optical sense.

15 circuit translates the light variations into voltages that represent the position of the tube.

As the sensor tube 502 vibrates, the outputs of the optical sense circuit appear as

two sine waves representing the motion of the leR and right sides of the sensor tube 502.

- With no mass flow present through the sensor tube 502, the left and right sides of the tube
502 are in phase, and therefore the two sine waves are in phase mdicating zero flow. As

20 mass flow increases through the sensor tube 502, the phase difference between the motion

of the left and right side of the sensor tube 502 increases (linearly with mass flow).




5.10, 512 and drive coil/mgnet system 513,514 nake up a cl osed systemt hat
oscillates at a frequency determ ned by the nmechanical properties of the
sensor tube 502 itself. This s concept is anal ogous td&dnebaiasc20®nic
oscillator that uses a crystal instead of a mechanical object (the sensor
‘tube 502). The DSP PCB 430 and the associ ated el ectronics of the sensor
pick off and drive circuit 524 trggsLate the left and right sensor tube
outputs 521, 522 to a nunerical value representing the actual phase

di fference bet weethd Rfsor pick oBNd 'ﬂhlgé"éircﬁfitcﬁfi%fenérg@s fieeor Hiél?@m%ﬂa@ frofilihe Thi s

phase difference represents mass flow. As shiown 1 n Figure he sensor

Used to sanptBickhEnfdPEH s st ot DBt TEOuntor uBE RUZ frkare offse
PCB 520 for term ning the phase difference between the |left and right :
side of the g@agﬁa’e{%"ew&mﬂ%@t syger o3 il hgrake KB arclaseh systam that pcillatesrat

frequency, and for 15 determ ning the proper sensor tube 502 drive |evel.
_An RTD A/ D coifieqeeney dgB@ninalclsi the snechivdcad propettick rodthd femsdiRibS 42 ttselfreFhisr e
"the sensor tube 502 tenperature via the RTD. A nultiplying DJA converter

554 is used éoncapljiviataldgldas frRSREctionROsElhE tHaB MR o cH¥eal RRRadRER MidPanical
controls the stereo A/D converter 550, the RTD A/ D converter 552 and the

mul tiplying DA TeTaVITAE 20 Referring back to Figure 20, the optical
drive PCB 540J%u§cti ons‘letﬁlgég‘?z vide a 90 degree phase shift of the drive

signal output, as well as providing attenuation and AC coupling of the
optical sense PCBI‘}? d right outpyts 521, 52 Furthey, the optical
18 February 2005 sh §iok, B tHa gsspriatel elestrapiospEibe seusar Bick AL Bireor
the RTD 542 to the sensor and pick.
circuit 524 translate the left and right sensor tube outputs 521, 522 to a numerical value
representing the actual phase difference between the left and right side of the sensor tube

10 502. This phase difference represents mass flow.

As shown in Figure 21, the sensor pick off and drive circuit 524 includes a stereo
A/D converter 550 that is used to sample the left and right outputs 521,522 from the
optical sense PCB 520 for determining the phase difference between the léfc and right side
~of the sensor tube 502, for determining sensor tube 502 vibration frequency, and for
15 determining the proper sensor tube 502 drive level. An RTD A/D converter 552 receives
the output from the RTD 542 to measure the sensor tube 502 temperature via the RTD.
A multiplying D/A converter 554 is used to adjust the sensor tube drive level, The DSP
' ] PCB 430 controls the stereo A/D converter 550,' the RTD A/D converter 552 and the

multiplying D/A converter 554.

20 Referring back to Figure 20, the bptica] drive PCB 540 functions to prdvide a 90
degree phase shift of the drive signal output, as well as providing attenuation and AC

- coupling of the optical sense PCB 520 left and right outputs 521,522, Further, the optical




off circuit 524 on the notherboard PCB 526. A discussion of the signal flow
further clarifies the purpose of the optical drive PCB 540 and il lustrates
how t he sensor tube 502 is driven at its resonant fred8&ebyaryT28)5s notion

- .of the sensor tube 502 generates two sine waves (left and right output

signals 521, 522) via the optical sense PCB 520. These signal s pass
through to the optical drive PCB 540 where they are AC coupled to renove
any DC of fset, and attenuated to reduce the anplitudes to that which are

appropri at edfig¢ PCBESA0bigesOdn diRRrict 85RRHINDIAROXAD §42 Roffe Qbnsol Bfd pRRSOT
pick off and drive circuit 524 on the notherboard PCB 526. 10 The séensor

" pick off an P%H: -0 o i 411] Qg; hese signals and sanples them wth
the stereo % cl\(gﬁj/%r@g{;ﬁe%?a% and‘ifgﬁg%zheeds the left side signal 521
through the multiplying DJA converter 554 for adjusting drive gain. After

the multiplying DAC 554 e Si | i ed back to the optical drive PCB
540 where a 90- dgg&é%mﬁmetn}eaﬁgq%@mdﬁﬁéa clyics the pygosg ofnthe apticalyivgy ¢ he
sensor drive coil 513. The 90-degree phase shift circuitry is 15 necessary
because a nBERaTOcand ibustrates howthasensadobafitdes deyen atdts redvatnttiivguenver (Ehe
feeding back into the system(via the drive coil and nmagnet 513, 514) be

90 degrees owtionbf (Heasor wibk 1502 Renef@td o dile WikRs (18R and®Bght Asputisighalp 821,
apparent to one skilled in the art, the attenuation, AC coupling and 90

degree phaseynif thecinbal shifte PEROSROT HEY s | or on
the 20 not her%oardeg%B 528%%6Homevzg}r'),ﬁ%%gF@%%ﬁ%ﬁ??ﬁ@ﬂ?e@ggﬁﬁc%%eﬁgegn a
separate P he tical .sense, PCB 520 an ptjcal drive PCB 540 y be
r emoved fr(C):%4 ¢ Wi’ersefg?ye?ﬁe A%ICP BIMeF 2R% f’&@ﬁﬂi ?@r@@ﬂgat%t‘béﬁﬁe%nﬁ’@ct ed
directly to the notherboard PCB 526. 1 8 February 2005 - 4 0

o amplitudes to that which are appropriate for the inputs of the stereo A/D converter 550 of

the sensor pick off and drive circuit 524 on the motherboard PCB 526.

10 The sensor pick off and drive circuit 524 buffers these signals and samples them
with the stereo A/D converter 550, and also feeds the left side signal 521 through the
multiplying D/A converter 554 for adjusting drive gain. After the multiplying DAC 554,
the signal is fed back to the optical drive PCB 540 where a 90-degree phase lag is induced
before the signal is fed to the sensor drive coil 513. The 90-degree phase shift circuitry is

15 necessary because a mechanical oscillator at resonance requires that the energy feeding
back into the system (via the drive coil and magnet 513, 514) be 90 degrees out of phase

with the motion of the tube 502.

As will be apparent to one skilled in the art, the attgnuation, AC coupling and 90

degree phase shift could be incorporated on the optical sense PCB 520 or on the

20 rﬁptherboard PCB 526. However, by implementing these functions on a separate PCB,
~ the optical sense PCB 520 and optical drive PCB 540 may be removed from the system,

allowing other mass flow sensors to be connected directly_to the motherboard PCB 526.




The pick off inputs and the drive output on the notherboard PCB 526 nust
conpatible wth the corresponding outputs and drive systemof the
particular mass flow sensor to be inplenented, or an8&pprapritoe
interface nust be provided. Known Coriolis mass flow sensors do not require
~the 90 degree phase shift on the 5 drive output, since typical prior art
‘Coriolis sensor pick offs use magnejps-and coils that are velocity sensitive
(pick off output anplitude is greatest at zero crossing), whereas the.

optical or CHpAgitk ofEnfits knd teSdrite St o4 the hbhkrdfat1 POR ﬁc,%ualedaﬁiphﬁwl&

(pick off output anplitude is greatest at the peaks). Since velocity Is

the derivati Lt { derivati of ine function is,a
cosi ne 1 unct i e d853rion ke (At I8 arvelsioteh of e s s 19T e (S8
cosine, the 90-degree phase shjft in velocity-sensitive pick offs occurs
naturally. 'I*B’plleﬁ‘fe?'et 4 PEARTELe pterfagednust ke providee 502, the drive gain is
i ncreased nuch higher than normal. Anbient vibration that is al ways
present vibrates the sensor tube 502 npstly at its resonant frequency.
This snal | noti orKieviigerielisavash flowsensopt da pdt ipquite thé P8 dbGGe phas shifirmh the
used.to drive the sensor tube 502 at greater anplitudes (via the high gain

drive 1s <i ranvetoutpudysinve tyjrcas priciaiit Corislis 3880 piok difs 5k mEREAGHA b WasdrE ed

anplitude, the drive <circuit is switched to norrmal gain and the DSP PCB

530 takes ow ; ReVar 1N : rol vi i.plyi 54.
W t hout act i%oc?gﬁggf%c% he é’é’?@g%‘“{pﬁg@%ﬁ e &a%g%r?ﬂ%é#ﬂ]? ewgeégéggpét ube
502 woul d ei st op vi.bratin r vihrate out of, control. The phase '
di fference, édglghs%rng%ﬁc#lﬁ%émﬂ(r &'&haﬁﬁl’?s"gn@rﬁﬁé’%é’ﬁ%@ §G‘b9§1‘?e%§r%£lﬂ"§’“t20
~calcul ated by the DSP PCB 530 is transnmtted to the application and control
system 528 dmplitudesg@reatestiar themeaks). iSinceivelochy is theudstivativechfaoisitidinandt the 18
‘February 2005 - 41
' - derivative of a sine function is a cosine function, and the sine function is a 90-degree phase

io  shifted cosine, the 90-degree phase shift in velocity-sensitive pick offs occurs naturally.

To initiate vibration of the sensor tube 502, the drive gain is increased much higher

than normal. Ambient vibration that is always present vibrates the sensor tube 502 mostly

at its resonant frequency. This small motion is detected by the optical pick offs 510, 512

and is used to drive the sensor tube 502 at greater amplitudes (via the high gain drive

15 circuit). When the sensor tube 502 vibration reaches the desired amplitude, the drive
cireuit is switched to normal gain and the DSP PCB 530 takes over sensor tube amplitude
control via the multiplying DAC 554. Without active control of the sensor tube drive

amplitude, the sensor tube 502 would either stop vibrating, or vibrate out of control.

The phase difference, the sensor tube frequency and the sensor tube temperature
20 calculated by the DSP PCB 530 is transmitted to the application and control system 528

via a 4800-baud serial link in the illustrated embodiment.




Figure 22 schematically illustrates aspects of the application and control
circuit. The notherboard PCB 526 al so contains the circuitry for the
application- and control circuit 528. ‘A user interfacd8FgbyuapCEIB60 nay be
pl ugged into the notherboard PCB 526. The notherboard PCB 526 includes a
m crocontrol l er 562, a flash EEPRC]\/I_564,r a 5 high-speed SRAM 566, and | ogic
and supervisory circuits 568. One partlfcul ar enbodi nent uses a Mdtorol a
68LC302 mi crocontroller, running at 25WVhz. The mcrocontroller 562

controls 1. an Al Digoea22rschsmatibally illgsttas8hsh@tS 6NER Apliciivh @gd $8htrPO:Ruit.
i nput and anal og valve override input 570; to 2. a DJA converter used to

out put an anatheombih i 2alsP A G r t o _qQut put.a
val \F;e‘ cont rol S?Snaﬁyg%@%eﬁﬁser- ?%%%ﬁ %%@&?@X@gﬁoﬁﬁ%ﬂbﬁa&arc 1i S

an optional I 0 t CB 526 t hat, proyides for a
variety of c%gnl?ruﬁl%:j%‘gt %o%&gﬁé?r%gw)bp@ %85 nge Ripgaad, igte; the mpshaboasd HGR,
this point arg_n communi cation-specific. To obtain 15 conpatibility with
vari ous cor‘rmfﬁpt: gﬁ]? githsronat BEB 528 inghidss @ miswcontraller 562 @ REBEEBROM 564, a

- provided for each desired protocol using a common user interface PCB form
factor that hightspegd (HRAMt G66hendrolbpier hahrsip&eBos2RircliR! S6%aNMTiR, partieGRPON
communi cation protocol is the HART protocol. The Anal og/ HART user '

interface PCBmpodiiesieuises A Mot@QMA 68EE30L ird ngm'[nkn WaP ity 20 '
addition to the O(l)-5V input and output al rregggﬁl%ureg’sen naflh&e not her %ard

PCB 526. 18 ﬁﬁ%b@rﬁ%ﬂ@%c% Oighe HART physical |ayer is also present on
~this version, and an I solated power supply

1. an A/D converter that is used to sense an analog set point input and analog

valve override input 570;
10 2. a D/A converter used to output an analog flow signal 572; and
3. a D/A converter used to output a valve control signal 574.

The user interface PCB 560 shown .in Figure 22 is an optional addition to the
motherboard PCB 526 that provides for a variety of comrmunication protocols. All of the
electronics described to this point are not communication-specific.  To obtain

15 compatibility with various communication protocols, a unique user interface PCB 560 is

provided for each desired protocol using a common user interiace PCB form factor that

will plug into the motherboard PCB 526.

For example, a common communication protocol is the HART protocol. The
Analog/HART user interface PCB provides a 0(4)-20mA set point input and flow output

20 inaddition to the 0(1)-5V input and output already present on the motherboard PCB 526.




capable of 13VDC to 30VDC main power input is provided. Figure 23
illustrates the HART interface 580. The fl ow out put signal (0(4)-20m) 582
is nodulated with the appropriate carrier to allow t hdsHaRpa 1%ni cat i on
_protocol 5 to be transmtted and received on the output signal. The HART
protocol provides a digital interface to the Coriolis mass flow controller
for the purpose of nmonitoring data?2 and for calibration and configuration
of the device. The flow output signal 582 (0(4)- 20mA) is also converted to

0(1)-5V si | sedil ' ' . in. additi t
Curr ot 10 ThE AR MBSl Bl BBk BRGBR & ok NAOFARY o s S Spoy

vol tage 586 q S Laput. The .set point jnput is converted to a
vol tage (if Céép%ei%?f{%(m i@ﬁmw‘gﬁ@m%@@@% hrough to the

nmot her board PCB 526 and is connected directly to the notherboard PCB set
~point input 570. EJe si% al that is used for the flow output signal 572 on
the notherboard PEBTEs %ﬂﬁe%ﬁw wterfee P80.cBimilorwy eutptiosignal (({#)e2AmA)
output on the HART IS interface 580 -and interpreted as a density out put

signal 590. T ivapduated withithteappropuiatescatrierits aldve theRART Gofrudiegtiontprosdol ¥
to the notherboard PCB 526 val ve override input. The notherboard PCB 526

onl y conf isgunatbeoffarBittedSarnd REFHEINo) Wﬁgtp?g%i&ﬁzﬁﬁ —[ﬂwgﬁng%ﬁ%%tgr n

and all signal returns. The power is supp usi ng +

Whi | e separ atgy i YL Chl XI on th t herboard PCB conpect or
for 20 i npu?ﬁga{% out pu?ygll%gér:\g‘l?@i,% ‘ﬁ%&?"&’r (éorgﬁoil&n%rggq PYrPPtfe0 ’é‘ﬂ’é‘t‘ff&gn‘i"‘.ta 18
February 2005 - .43 {%%‘ +15YDC [ nput voltage 576 to the notherboard PCB 526
i s used di recPfforfplibraftipn Xﬁ%@\'ﬁ'@"ﬂéﬁﬁﬁhﬁ idg¥ice-1 Jhpdowrpetput spmd 582 (A(4Do
used to drive two DC-DC _

20mA) 1 also converted to a 0(1)-5V signal 584 for flow monitoring of a voltage in

addition to current.

10 The set point input provides a jumper to select between a voltage 586 or a current
588 input. The set point input is converted to a voltage (if current input is selected) and
passed through to the motherboard PCB 526 and is connected directly to the motherboard
PCB set point input 570. The signal that is used for the flow output signal 572 on the
motherboard PCB 526 only configuration is coﬁverted to a current output on the HART

15 iterface 5 8'0_and interpreted as a density output signal 590. The ﬁalve override input 570

is also passed through directly to the motherboard PCB 526 valve override input.

The motherboard PCB 526 only configuration shares a common ground between
the power supply return and all signal returns. The power is supplied using +15VDC and
ground. While separate ground connections exist on the motherboard PCB connector for

20 mput and output signals, they are electrically the same point.




swi tching converters. One is used to convert +15VDC to +5VDC, the other to -
convert +15VDC to -9VDC. Al of the electronic and electrical circuits’

(i ncluding the valve) are 5 powered using these 3 vol fl&febsgnt &5 (+15vVDC,
-9VDC and +5VDC) in an exenplary Coriolis mass flow controller in
accordance with the present invention.,qhe only connection between chassis
ground. and power/signal ground is a 1 Mresistor and a 0.01 uF capacitor
in parallel. The addition of the HART interface 580 provides isolation on

the power supply ThO+isWVE AR volthe $76Pitthy MctiRISFEPAB 56 i Rsed #iRELly on
interface is +13 to 30VDC and is conpletely isolated fromthe internal

L o o S BBl M Ring ALSVIIC YAV i RRD BORNGIdRe o BAYEC

(reference nunber €s tThe Tso ion. isolation is

gal vanic (main_power transfer) and optical (feedhack). The output of t.he
00 'BC Convervuihacasiars | Dok 5 wedgb coRtirt LLVBRC dncoYburbe oHBt I Gomed 244
and 24B illustrate the fl ow sensor portion 600 of a Coriolis mass flow
control | er itl2¢R6tdafi¥®C Al ofitheesldntmnivemt elsictrichleciicnitein¢tading thel valpehgre
opti.cal pick off sensors. The flow sensing portion 600 shown in Figures

24A and 24B pewsndil usibg ehek®B voRBge sdurées TRESVDCOWVIIN bh® HEWD( Uf fan @Serhplery
controller 200 illustrated in Igé%gures 14-16 hereof Essentially, the flow

sensor porti . i . i i N0 ce
of the flow ggﬂg%?n%%)sr ll:ﬁ!D %ﬁﬁ%ﬁﬁéﬁl@{%ﬁ%@%&%ﬁ%@@%ég&hﬁﬁgﬁ%ng por0 H on

600 includes the,flow sensor, tube 602, to which a net. 604 is attached.
nfrared L EDEORBROTMGRGRoN g god babe tbreid B M spreand ad Bithcs
610, positioned on either side of 18 February 2005 44 the flow sensor tube
602. The f| ovepseiteson parallRd. 602, nagnet 604, LEDs 606, phot odi odes

The addition of the HART interface 580 provides isolation on the power supply
10 inpﬁt 576. The input voltage range of fhc HART interface is +13 to 30VDC and is.
completely isolated from the internal voltage sources and grounds. A DC-DC converter
that converts 13 - 30VDC (reference number 592) to 15VDC, provides the isolation. The
isolation is galvanic (main powér transfer) and optical (feedback). The ouﬁput of the DC-

DC converter is electrically isolated +15VDC and ground.

15 Figuics 24A and.24B illustrate the flow sensor portion 600 of a Coriolis mass flow
controller in accordance with an embodiment of the invention employing optical pick off
sensors. The flow sensing portion 600 shown in Figures 24A and 24B is suitable for use
in a mass flow controller such as the controiler 200 illustrated in Figures 14-16 hereof.

| Essentially, the flow sensor portion 600 of Figures 24A and 24B would be implemented in

20 place of the flow sensor portion 202 of Figures 14-16. The flow sensing portion 600

. includes the flow sensor tube 602, to which a magnet 604 is attached. Infrared LEDS. 606

and photodiodes 608 are coupled to an optical sense PCB 610, positioned on either side of




608 and PCB 610 are all situated within a housing 612, to which a cover 614
is attached. A 1nH inductor functions as a coil 616 to drive the tube. The
coil 616 is positioned outside the housing 612, s Al fl8fehtuape?Qns t he
sensing tube, drive device and pick off sensors all nay be contained

wi thin the enclosure, or selected conponents in addition to or in place of
the coil may be positioned outside,fhe enclosure. For exanple, certain
enbodi ments nay enploy an encl osure having a w ndow defined therein. This

allows the Ij o] Eg | g6 Ldgioabe
encl osure. It}nugg%‘ﬁ?‘%ﬁﬁbﬁgr%'e%%@%wm%gﬁhﬁg%en o‘%}%fg’giggtﬁ% ICs are
‘renpted fro he ure,  for exanple, usin i ber,.qptic c e. This may
be et r abt 08roR BUR AR e alsfin i BB & holSiod RS0 Y & it AL Gayhiied; o
- enployed in a_ hazardous environnent. As disclosed above, the light source
and det ect orA eyt dnsiwpior encsians af a £pib$16 B drive ghe tubsur e eqil eHfels pasitigned
infrared photo di ode. The size of the photo diode active 15 surface is
cl ose to butowsideiht hyudigy @@ t han the tube diameter. ‘As the tube vibrates,
it nmoves through the path between the LED and photo di ode, occulting the
light fromthe LED  The tube may be positioned so that the light path
between the LED %@Er%fv@!g}%]%e ‘sérmtng%ﬁéadﬁ% BLAECIAVBRR SRGehORE all Sl pEeSt .
is rest posi

As the tube noves about tion in a vibratory fashion, 'the

or ovi di g a SIS, ST Bl st Aol B hLE B Bonie e T

each side of .the tube can be neasured for phase differences due to
Coriolis i nddleday bewositipaedcousida theranslasiiey Derpgrampley agrtain embodiments may

employ an enclosure having a window defined therein. This allows the light source and/or
photo detector to be placed outside the enclosure. In still farther embodiments, the sensor
10 electronics are remoted from the enclosure, for example, using fiber optic cable. This may
be desirable, for cxample, when the Coriolis mass flow sensing device is employed in a

hazardous environment.

As disclosed above, the light source and detector may comprisé an infrared LED

light source matched to an infrared photo diode. The size of the photo diode active

15 surface is close to but slightly larger than the tube diameter. As the tube vibrates, it moves’
through the path between the LED and photo diode, occulting the light from the LED.

The tube fnay be positioned so that the light path between the LED and detector is
.partially broken when the tube is at rest. As the t.ub-e moves about this rest position in a
vibratory fashion, the light reaching the detector will alternately be at a minimum’ or

0 maximum providing a sinusoidal output from the detector. The relative outputs from each

side of the tube can be measured for phase differences due to Coriolis induced flow

effects.




As noted herein above, the flow sensing tube nmay be fabricated from any of
a variety of materials. Further, the flow sensing tube may conprise a

hybrid of materials. An exanple of such a hybrid strd8tR@gbeuars29dd ust r at ed
in Figure 25. A Coriolis nmass flow sensor 700 is illustrated, including a
silicon frame 702 and a stainless steel tube 704. The Coriolis nmass flow
sensor 700 further includes a clanmps706 and sensors 708, all of which are
also inplemented in silicon. Additional nmaterials nmay be used; for exanple,

the clanp. 706 ma frabri.c f.L om et al. L as | ] tc.
Thin silicon ar ns‘xsi%gtedee}%cel%%&fe‘%b%mt Egéwfsfa%nl% g’&g @aﬁd%aﬁéhgﬁf%cﬁﬁgg%)gog ﬁe
sides of the sensor tuhe 704. The sensors 708 are piezqQresjstars .

i npl enent ed Yagiety wﬁf@g%%nguﬁmrd&e flgw sensing fube mey) CBIF‘P'é%Ec%l‘ﬁ?‘%tqfén?FWon
~arnms 710 attached to the sides of the sensor tube 704. These are, in_.
effect, strahmegaopleof snahas bybrigsttuveure iy Hpstratedlindégurie\25t hé Gasiedls masvflowhe
silicon arnms 710. Figure 26A illustrates a first \Weatstone bridge 720. A

Wheat st one bgehstaer0839itlustratedIRARMRY £ 6ilicdn frdife PRSI st@iakels Aéel tile 7AMMETHe10.
The Wheatstone bridge 720 is typically also inplenented in silicon, being

deposi t ed, or 50l ' b Rl B0 %g& i]éépfﬁ{ whidrdge
720 i ncl usdescﬁ?oura%rglﬂggge%%gi@?ors E{FDCL{QggE ) Igz{)-gh%‘fd]sg IC 8?%332
-resistors Rl _and R4 are variable pjezoresistors. The Wieatstong bridge 720
forther i neidie mapicmened in Aikon MeRPrabmaetts ry b wat B savle bt P HTE D,
~and sensor output signal connections Vout and +Vout. Figure 26B

i |lustrates Hosoeprbe i%hm@ tom etall plesy, 2plastica cerpmic, . e sliconogmsef feen
the two arns 710 to neasure the differential stain between the two arns '

- 710. In the Mherlfinne Pihdy £A%re sierhed ©the Riesyfdhdnesrauberodabl e
pi ezoresistors. Flow is 18 February 2005 - 46 :

The sensors 708 are piezoresistors .implcmented in a Wheatstone bridge at the base

10 of each of the silicon arms 710 attached to the sides of the sensor tube 704. These are, in
effect, strain gauges, measuring the strain induéed by the bendjng of the siiicon arms 710.

Figure 26A illustrates a first Wheatstone bridge 720. A Wheatstone bridge 720 is
implemented at the base of cach of the arms 710. The Wheatstone bridge 720 is typically

also implemented in silicon, being deposited or implanted in the silicone frame 702. The

15 Wheatstone bridge 720 includes four bridge resistors R1, R2, R3, R4, of which bridge
resistors R1 and R4 are variable piezoresistors. The Wheatstone bridge 720 ﬁﬂher
includes an excitation supply comnection Vs, a signal return GND, and sensor output

signal connections --Vout and +Vout.

Figure 26B illustrates a second Wheatsione bridge 722 that is implemented
20 between the two arms 710 to measure the differential stain between the two arms 710. In

the Wheatstone bridge 722, resistors Rl and R2 are variable piezoresistors. Flow is




directly proportional to the differential strain. The phase does not have
to be extracted fromtwo separated signals. O her aspects of the present
invention involve Coriolis flow measurenment devices d&fpiebiHang24QS ai ght
sensor tubes - the flow tube defines a generally linear flow path. s Figure
27 schematically illustrates a straight tube flow sensor 450 in accordance
with enbodinents of the invention #rst, the tube 452 can be actuated in
the usual vertically polarized node by attaching piezoelectric drive

- devi ces 454 gatctBasBp&iond o thediieieatifA 3eain. | The flds dBeLIR AR bE extritfed

pi ezoel ectric dri've devices conprise piezoelectric uninorphs, with the

pi ezoel ectri e t ed to one side of. the tube 452. Alternative
to enbodi nerﬁ%éﬂ%)rloegeé%%egis%ﬁ%g i n.whi ch other piezoelectric drive devices

~are enployed, such as piezoelectric binorphs. The opposite side nmay. have

either a piezoreg|stive |layer attached Qr a pjezoel ectric |ayer attached
to act as a sensﬁtﬁqwe%@bﬁpﬁw PR B‘I‘@{Vﬁ&?}"og%hﬁ‘&tnéf&m“%‘ﬁ@ Gusly,

drives the tube 452 at its resonant node. As flow is -established through 15
the tube 452mplayingCyraight sengoprtakes -withd flowi fube tdeingsed genarallys tinear rflovn pathe
pi-ezo sensors 456, creating a phase shift in their output signal. Another

st rai ght st uliigute 27dchansicaloilludbutes § saaiIFANMBIHeCAIW Yehsol USD iR ta@Ebridancki Witk €
28. The straight tube 452 can be actuated in a circularly polarized node,

simlar to thhditfen of tHOMPER nPi,‘l.'!rgﬂ"r't‘ner ; 9@9& in & JEF&%II | ow
vector that induces the Clgrtlﬁ{o??'s ’ or@lg’gi‘*si%g?ggn |c§?tglrﬁjteo&spﬁe I ne” of
t he tube 452 ,Each end, of .the tube 452 will . expeyience a riolis force
that w1 oRokEPEDmSHt peuide peRetdic dive drvik 4on 3 et b sibe £52
rotation. This will create a phase shift in at opposite ends of the tube
452. The t uBl certan pmbedigesis, xbe piezoelectric drive devices comprise piezoelectric unimorphs,

with the piezoelectric layer(s) attached to one side of the tube 452. Aliernative

10 embodiments are envisioned in which other piezoelectric drive devices are employed, such

as piezoelectric bimorphs.

The opposite side may have either a piezoresistive layer attached or a piezoelectric
layer attached to act as a sensor 456. The pair of unimorphs 454, actilated
synchronously, drives the tube 452 at its resonant mode. As flow is established through

15 the tube _452, the Coriolis forces will shift the relative strain on the piezo sensors 456,

creating a phase shift in their output signal.

Another straight tube Coriolis sensor 451 is schematically illustrated in Figure 28.

The stfaight tube 452 can be actuated in a cﬁcubrly polarized mode, similar to that of a
two-person jump rope. The component of the mass flow vector that induces the Coriolis -

2 force is perpendicular to the line of the tube 452. Each end of the tube 452 .will

~ experience a Coriolis force that will either be oriented in the direction of or in opposition

to rotation. This will create a phase shift in at opposite ends of the tube 452. The tube




- 47 my be actuated, for exanple, by placing a nagnet 460 at the center
of the tube 452 and driving it in circular oscillation with 2 orthogonally
posi tioned el ectromagnetic coils.462. The respective 1@febriaty ¢l s have a
phase difference of 90 degrees. Sensors 456 are positioned at either end
of the tube 452, alternatively, the sensors 452 could be placed in 5 an
or t hogonal fashron simlar to the drivé’cails 462 and magnet 460 at the 1/3
“points on the tube 452. The sensors 456 coul d be optical, capacitive or

el ect r omagngiay Ge iabulid, Lrbreexﬁgneegﬂl Ragdet 250 hihie kbter SBhE kLRl 452ARdan
alternative to the magnet 46 and cor 462 drive arrangenent, a

Pl ezoel ect iy il cﬁslhrratgsgrel?at%agtngdoath 855850 SRRk AdERUBSBLLA: 2652.2

driver for t efino e inven
prezoelectr t|It act ors e typrcall .used to dynam cal ly al .
opti cal lrrg F LoSPeffve c%f'r“a@ e5h 1At A9 daeress- c%‘ﬁ’é?@t{%o‘t“e

t hr eee pi ezoel ectric stacks arranged |n a tripod attached to a platform
hol di ng a niesitimed Bb cither wad pfithe truliwed 32p altsmativeby thesseidorsd 3 2omulthbe placed in

pi ezoel ectric stacks are driven with three sinusoidal signals, each with

its phase 130 ofthggepabhsldysiagish orthedHne coiti 420ad nigher 4601 at thé 1/Bhpdinteeml d be
simlar to a three-phase notor drive. Since piezoelectric tilt actuators

are usuall % Bk (o) e
fol |l owi ng arﬂ’t"?ﬁiﬁ |§2\/e(fr{ﬂ"§1 emﬁggggg@n&eﬁ% grr%&a{’}m@e ? t gﬁaﬂh%l% [ nventr on.
" Fl at prezoelectrrc u re consrderably | ess expensive than the

t hr ee- stack 5 a‘%h&?i% Hibe. They typically require a | owner
voltage to achl eve equival ent 20 di spl acenents and are much small er that
t'he stacked actuators.. Exenplary tilt actuators 470, 471 are concept ual l'y
illustrated in FAgaR é%erzmeé%&lemagw&ﬁﬁm caid f 62 divesirmngement, | piegpglestyic
respectively, a three-armand four-armflat spiral springs 474, 475.

Pi ezoel ect r tilt actuator attached to each end of the tube acts as a driver for this mode in other

‘10 embodiments of the invention. Known piezoelectric tilt actuators are typically used to
dynamically align optical mirrors. The typical Voptical mirror configuration consists of |
threee piezoelectric stacks arranged in a tripod attached to a platform holding a mirror,
To drive the tube in circular oscillation the piezoelectric stacks are driven with three
sinusoidal 31gnals each with its phase 120 degrees advanced from the neighbor after it. |

15 This would be similar to a three-phase motor drive. Since piezoelectric tilt actuators are
usually expensive andrare large cbmpared to a given mirror, the following alternative is

employed in embodiments of the present invention,

Flat piezoelectric unimcrphs are considerably .less expensive than the three-stack

actuator mentioned above. They typically require a lower voltage to achieve equivalent

20  displacements and are much smaller that the stacked actuators.. Exemplary tilt actuators
| 470, 471 are conceptually illustrated in Figures 29A and B. The tilt actuators 470, 471

employ, respectively, a three-arm and four-arm flat spiral springs 474, 475. Piezoelectric




18 February 2005 - 48 devices are configured on each arm 476 of the fl at
spiral spring 474, 475. In the illustrated enbodi nent, the spring 474 has
a piezoel ectric uninorph 472 configured on each arm 43&ehwary 208 out si de
ring structure 478 of the spring 474, 475. Piezoelectric or piezoresistive
sensors are attached to the opposite side of the spring 474 fromthe

pi ezoel ectric actuators 472. The senddr s sense the rel ati ve phase between
the sensors on each end of the tube. Application of a voltage to the

©uni nor phs  47@videsird @BhliduSed BnCasP |86 PRNLS B HhCspi i Bppe W L h
the. three-arm spring 474, the uninorphs 472 aer e dir;ﬁm\r/agﬁB‘grgﬁt él’ﬁ,t %?geﬁéh%lge

o esul 1 gty e Smldilrk, ! BERE 4L BE o micsbr B B A S BT Gha TS
isS nore congl %cat in siruct) but is sinpler in actuation. Instead of

re,
fe Pﬁ}g?‘? near R eUisiyn Hag sigwgtyie 478 of theqipring 4 74,0175t Riezogleetrigrom

a three-phasé
structure. Each drive signal is applied to 2 opposing arnms 476. The notion
i s anal ogousPEZPTHNG isarporsares ditacbed dalths ioppadite tide tofich spaid 4741 gt ghet O
an anal og oscilloscope and observing the Lissajous figures. If the two 15

signal s ar e Siezodlegtrieastuatiirs 972.pITAS Senddtd saise 1S relaite PRAE bRy h i &nsdrE ol

will be a circle. The flat spiral spring 474,475 ha vant age over the
sheet type ukkReaddShéate di sclosed in conjunction with Figure 27, in that
the spring 474 will accommopdate vertical displacenent wthout the

requi renent that the dianmeter change as in the sheet type 454. Density can
still be neasured,hy: increase in.the,sensor_signal anplitude driven by
an 20 increase in: 8%?&&%?‘@%5? t¢ giedwimporph,47% thys resylis i dgnlacementef that i on
allows for increased flexibility of tube material selection. The tube does
not have t o TEPCEIYEABLLG. iy the dhrge-arm spring 474, the unimorphs 472 are driven by a

three-phase sinusoidal signal as with the three-stack tilt actuators described above,
0 resulting in a generally circular drive rﬁotion. The | four-arm spring 475 is more
complicated in structure, buf is simpler in actuation. TInstead of a three-phase driver, a
two- phase driver is required for the four-arm structure. Each drive signal is applied to 2
opposing arms 476. The motion is analogous to applying two sinusoidal signais to the x
and y inputs to an analog oscilloscope and observing the Lissajous figures. If the two

15 signals are 90 degrees out of phase and are of the same amplitude, result will be a circle.

The flat spiral spring 474,475 has the advantage over the sheet type unimorphs 454
disclosed in conjunction with Figure 27, in that the spring 474 will accommodate vertical
displacement without the requirement that the diameter change as in the sheet type 454.
Density can still be measured by an increase in the sensor signal amplitude driven by an

20 increase in the centrifugal force on the tube. This mode of actuation ailoWs for increased

flexibility of tube material selection. The tube does not have to be a resonating structure.




18 February 2005 - 49 The system does not even have to be in resonance
since it can be driven to a continuumof frequencies just as with the
“exanpl e of the two person junp rope. The particul ar erffBd@bmant 2008 scl osed
above are illustrative only, as the invention nay be nodified and '
practiced in different but equival ent manners apparent to those 5 skilled
in the art having the benefit of- t4fe teachi ngs herein. Furthernore, no
limtations are intended to the details of construction or design herein

shown, ot heThé Bafendocd B5EEVeR@tvd 10 belih esbhaicHBinbEH @ih bd drived td AROAfirut of
evident that the particul ar enbodi nents di scl osed above nmay be altered or

nodi fi ed an . NaL-vah | i dered- within the scope and
spirit of tﬁg@ehglgﬁﬁgoa\é% cc%%%@f,tﬁ?ﬂz‘s g%&g]c |poggbés1'ought herein is as
set forth in the 10 clains below. 1 8 February 2005 - 50 CLAIMS WHAT IS
CLAIMED | S: 1. riali.s s,.fl ow.sensar , conpr.j,Si ng: fl tube: 5 a
| i ght source posi ‘?Bﬂﬁﬁ‘ﬂﬁrd?nﬁs%mﬂgs quag?eﬁsqbage g;g’ 4“??&"‘%1’%9&%?&3&" Ve
detector positioned adjacent a second side of the flow tube; and a drive
devi ce oper 8@y k8| rodified; and pracéiced iy different Hut fepuinelenibmannsrs eprsrent itagthesee
flow tube, such that the flow tube noves through a path defined between
~the [|ight slkllsdcie tiendt hdving the bénefiebfihe edachings herein. Furthermore, no limitations are

‘intended to the details of construction or design herein shown, other than as described in
the claims below. It is therefore evident that the particular embodiments disclosed above
may be altered or modified and all such variations are considered w1thm the scope and
spirit of the invention. Acc_:ordingly, the protection sought herein is as set forth in the

10 claims below. |




10 2. The Coriolis mass flow sensor of claim1, wherein the l'ight source
emts infrared light. 3. The Coriolis mass flow sensor of claim2, wherein
the |ight source conprises an infrared LED. 4. The CJdBiFebiugryg)s f1 ow
sensor. of claim3, wherein the light detector |Is conprises an infrared :
- photo diode. 5. The Coriolis nasssfyl aw sensor of claim4, wherein the photo
di ode defines an active surface |larger than the dianeter of the flow tube.
6. The Coriolis nmass flow sensor of claim1l, wherein the |light source is
positioned relative to the flow tube @i amp@i nt wherein di splacenment of the
vibrating flow 20 tube is at a maxinum 1 8 February 2005 - 51 7. The

Coriolis magy gkllqg g M iﬁdal m 1, wherein the light source is
posi ti oned CEAED ow tube such that the flow tube is positioned
‘partially within the path defl ned between the |ight source and the |ight
.detector when th ro tépub rest. 5 8, ,A Coriolis mass fl ow sensor,
conpri si ng: 1o SORERT; SRIORIEES | ow t ube mounted t hereon; a
drive device operatl veI y Si tuated relative to the frame for vibrating t he
frame; and at |@88wtebe pick off sensor situated relative to the flow tube
so as to neasure the ~o twist in the flow tube due to Coriolis force.
5 a light source positioned adjacent a first side of the flow tube;
a light detector positioned adjacent a second side of the flow tube; and
a drive device operatively situated relative to the flow tube for vibrating the flow
tube, such that the flow tube moves through a path defined between the

light source and the light detector.

10 2. The Coriolis mass flow sensor of claim 1, wherein the light source emits

infrared light.

3. The Coriolis mass flow sensor of claim 2, wherein the light source

comprises an infrared LED.

4, The qu'iolis mass flow sensor of claim 3, wherein the light detector

i1 comprises an infrared photo diode.

5. The Coriolis mass flow sensor of claim 4, wherein the photo diode defines

an active surface larger than the diameter of the flow tube.

6. The Coriolis mass flow sensor of claim 1, wherein the light source is

positioned relative to the flow tube at a point wherein displacement of the vibrating flow

20 tube is at a maxdmum.




9. The Coriolis mass flow sensor of claim@8, wherein the frame conprises a
tube in which the flow tube i s situated. 10. The Coriolis mass fl ow sensor
-of claim8, wherein the flow tube and the frame are fdBFebatat2¢d5om
different types of material. is 11. The ‘Coriolis nmass fl ow sensor of claim
10, wherein the flow tube is fabricated of stainless steel. 12. The
Coriolis mass flow sensor of claimil0, wherein the flow tube is fabricated
of plastic. 1.3.. The Coriolis mass flow sensor of claim 10, wherein the
frane is fabricated 20 of silicon 18 February 2005 - 52 14. A Coriolis

mass flow sensor7. conPiid Soriglis fhadd Bowefisor! eclhinbe, Rwieigttel Kgtit sauebesicond
ends, the flow tube defining a generally linear flow path; a drive device

- posi tioned QiRakEIRiVNS tgé A e suc itﬁa‘itthé‘ﬁgwstﬁﬁé)ﬁ%tog%igﬁe&r)%%g%@{]l nl v,

positioned at the first and second ends of the flow

each of the,first d.second .pi.ck off sensors putputti ignal . .i
response t Omﬁggm%ﬁe%ﬁewﬁgn fq%d\ﬁ& 1410544 Wﬁet?‘g ?‘ﬁﬁa&%ﬁ?fo%%% ?18% {Bbe id &
est abl i shed bg a flow of material through the flow tube causes a phase
shift bet g
to 15. The Coriolis mass flow sensor of claim 14, wherein the drive device
activates the flowtube in a vertically polarized node.

5 8. A Coriolis mass flow sensor, comprising:

a flow tube; .

a frame having the flow tube mounted thereon;

a drive device operatively situated relative to the frame for vibrating the frame; and
at least one pick off sensor situated relative to the flow tube so as to measure the

10 twist m the flow tube due to Corio}is force.

9. The Coriolis mass flow sensor of claim 8, wherein the frame comprises a |

tube in which the flow tube is situated.

10.  The Coriolis mass flow sensor of claim 8, wherein the flow tube and the

frame are fabricated from different types of material.

15 | 11. The Coriolis mass flow sensor of claim 10, wherein the flow tube is

fabricated of stainless steel.

12. The Coriolis mass flow sensor of claim 10, wherein the flow tube is

fabricated of plastic.

13.  The Coriolis mass flow sensor of claim 10, wherein the frame is fabricated

20 of silicon.

the signals output by the first and second pick off sensors.




16. The Coriolis mass flow sensor of claim 14, wherein the drive device
activates the - flowtube in a circularly polarized node. |IT The Coriolis
mass flow sensor of claim 14, wherein the drive devi cd8Februgan#fidses fir st
and second pi ezoel ectric uninorphs operatively connected to the first and
second ends of the flow tube, respectively. 18. The Coriolis mass fl ow
sensor of claim 14, wherein the drive device conprises: a flat spring
defining a plurality of arms; and 20 a%pTurality of piezoelectric devices,
each of the arns having one of the piezoelectric devices attached thereto.

1 8 February 2008453 AlGoriol8fuboNiw ol @osphiiu sensor of claim 18,

wherein the piezoelectric devices are edch connected to a power source: 20.
The Coriolis mas ’ SIS of.claim.8 erei he. . pi ezgel ectric device
conprises a pi ez%eqe;é@grq%c uﬁ'!l; %‘{m&n&%ﬁ@dﬁg aﬁ‘\?s’f%oémgﬁ‘ﬂ’eé&“& PEREES FLow
CONTROLLER ABSTRACT A.Coriolis mass flow sensor includes a flow tube, a

| i ght source positi ongﬁemgﬂi’vd’@%t a first side of the flow tube and a |ight

detector positioned adjacent a second side of the flow tube. A drive
devi ce i s oper at iaveivg devite pisitidnedtoaictuaee the fivtveutid; ow t ube f or

5 first and second pick off sensors positioned at the first and second ends of the flow
tube, respectively, each of the first and second pick off sensors outputting a

_ signal in response to movement of the flow tube, wherein a Coriolis force

established by a flow of material through the flow tube causes a phase shift

between the signals output by the first and second pick off sensors.

10 15.  The Coriolis mass flow sensor of claim 14, wherein the drive device

activates the flow tube in a vertically polarized mode.

16.  The Coriolis mass flow sensor of claim 14, wherein the drive device

activates the flow tube in a circularly polarized mode.

17. The Cpriolis mass flow sensor of claim 14, wherein the drive device
15 comprises first and second piezoelectric unimorphs operatively connected to the first and

second ends of the flow tube, respectively.

18.  The Coriolis mass flow sensbr of claim 14, wherein the drive device
comprises: |
a flat spring defining a plurality of arms; and
20 a plurality of piezoelectric devices, each of the arms having one of the piezoelectric

devices attached thereto.




5 vibrating the flow tube, such that the flow tube noves through a path

- defined between the 1light source and the light detector. In other aspects
of the invention, a Coriolis mass flow sensor includd8Fgbieavelidbe and a
frame having the flow tube nounted thereon. A drive device is operatively
situated relative to the frame for vibrating the frame and at | east one
pi ck off sensor is situated relativeste the flow tube so as to neasure the
twist inthe flowio tube due to Coriolis force. O her aspects of the

i nvention concern a straight-tube Coriolis nass flow sensor. A flexible
flow tube definep.a gEReCstibls mase@iow kasopaf ltlaidd 18,1 whereliavihe epicicglectric
positioned to actuate the flow tube, and first and second pick.off sensors
are positio %%éﬁ%%&&é%&i @@&gﬁﬁmgpds of the flow tube,
respectively. Re first and second pick off sensors output a signal in
response to novenent of the flow tube, wherein a Coriolis force 15 -

est abl i shed by | owof ~materi al ot hrough e flow,tube .
shift between tﬁ%6 s%a?%“%ﬁ%?ﬂ% S r?ﬁ]zg{n %ﬁghgggo%g%ﬁﬁeﬁgﬁﬁ%sors.

Figure 1A & Figure 1B L :
comprises a piczoelectric unimorph.
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CORIOLIS MASS FLOW CONTROLLER

ABSTRACT
. A Coriolis mass flow sensor includes a flow tube, a light source positioned

adjacent a first side of the flow tube and a light detector positioned adjacent a second side

of the flow tubé. A drive device is operatively situated relative to the flow tube for -

vibrating the flow tube, such that the flow tube moves through a path defined between the
light source and the light detector. In other aspécts of the invention, a Coriolis mass flow
sensor includes a flow tube and a frame having the flow fube mounted thereon. A drive
device is operatively situated relative to the frame for vibrating the frame and at least one
pick off sensor is situated relative to the flow tﬁbe so as to mcasure the twist 11:1 the flow

tube due to Coriolis force. Other aspects of the invention concern a straight-tube Coriolis

-mass flow sensor. A flexible flow tube defines a generally linear flow path. A drive device

is positioned to actuaf-;e the flow tube, and first and second pick off sensors are positioned
at the first and second ends of the flow tubé, respectively. The first and second pick off
sensors output a signzﬁ in responée to moverheﬁt of the flow tube, wherein a Coriolis force
established by a flow of material through the flow tube causes a phase shift between the

signals output by the first and second pick off sensors.

Figure 1A & Figure 1B




