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BACKGROUND OF THE INVENTION
5 1. FIELD OF THE INVENTION

The invention relates generally to a mass flow measurement and control, and more
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.
10 2. DESCRIPTION OF RELATED ART

Mass flow measurement based on the Coriolis force effect is achieved in the following
manner. The Coriolis force resuits in the effect of a mass moving in an established 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:

15 Fe = Mxm

Where F¢ (the Coriolis force vector) is the result of the cross product of M (the mass flow
vector) and e (the angular velocity vector).
In a rotating system, the angular velocity vector is aligned along the axis of rotation.
20 Using the “Right Hand Rule”, the fingers define the direction of rotation and the thumb,
extended, defines the angular velocity vector direction. In the case of the typical Coriolis force
flow sensor, a tube, through which fluid flow is to be established, is vibrated. Often the tube is 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 tube loops may, for example, be “U”
25  shaped, rectangular, triangular or “delta” shaped or coiled. In the special case of a straight tube,
there are two simultaneous 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 direction
of rotation changes. The result is that, at any given time, the Coriolis force is acting in opposite

30 directions where the mass flow vectors or the angular velocity vectors are directed in opposite
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practice this places a large accuracy burden on the time measurement circuitry. This may

limit the ultimate sensitivity of mass flow measurement by this technique.
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.
20  Moreover, existing Coriolis mass flow measuring devices only provide for mass flow
sensing with no integral flow control capabilities. It has been left to the user to provide any
means for controlling flow.

The present invention addresses shortcomings associated with the prior art.
SUMMARY OF THE INVENTION

25 According to an aspect of the invention, there is provided a capacitive pick off
sensor for a mass flow measurement device including a flow sensor tube and a drive device
for vibrating the flow sensor tube, the capacitive pick off sensor comprising:

first and second conductive plates embodied in a multi-layer printed circuit board
including a guard layer and a back layer solderable to a sensor block, the first and second

30  conductive plates being connectable to a first voltage potential and adapted to be situated

adjacent a flow sensor tube connected to a second voltage potential so as to define a gap
between the flow sensor tube and the conductive plate, the first and second conductive plates

being situated in a common plane;



directions. Since the angular velocity vector is constantly changing due to
the vibrating system the Coriolis force is also constantly changi 8 The
result is a dynamic twisting notion being inposed on top of t#eApril2004
oscillating notion of the tube. The nagnitude of twist is proportional to
the mass flow for a given angular vel ocity. 5 Mass flow neasurenent is
achi eved by neasuring the twist in the sensor tube due to the Coriolis
force generated by a fluid noving through the sensor tube. Typical known
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the fl ow tube mhere the Coriolis force's induced displacenent is expected
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on the stationary package wal he magnet will nove in and out of the
coil, inducing a current in the coil. This current is proportional to the
velocity of the magnet relative to the coil. Since this is a velocity
measur enert , BRIEFPESCRIPTIONGOE THE DRAWDGRal , is at the maxi mum when t he
flow tube crosses its rest point (zero crossing). The Coriolis force
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pl ates enbodied in a nmulti-layer printed circuit board including a guard

| ayer and a back | ayer solderable to a sensor block, the first and second
30 conductive plates being connectable to a first voltage potential and
adapted to be situated adjacent a flow sensor tube connected to a second
vol tage potential so as to define a gap between the flow sensor tube and

t he conductive plate, the first and second conductive plates being
situated in a common pl ane;



22 April 2004 -3 such that the capacitance between the flow sergpri abe4 and
the first and second conductive plates, respectively, varies due to the
notion of the flow sensor tube relative to the first and second conductive
pl at es when t heeddiggmisensor tube is vibrated. 5 BRI EF DESCRI pFi/0¥doe¥ss HE
DRAW NGS Ot her objects and advantages of the invention will becone apparent
upon reading the followi ng detail ed description and upon reference to the

drawings in which: Figure 1 is a block diagramconceptually illustrating a
Coriolis mass flow sensor in accordance-with aspects of the present
invention; 10 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 fl ow sensor
enpl oyi ng an el eGhir@ssAITBand 0 Mstdfe ACHABEARASS v Sndd eﬁ%ﬁﬁgi r@]?i[ezolefec&ﬂe
present invention; Figures 4A and 4B illustrate a Coriolr S OW sensor

enpl oyi ng atf§dprepsdatice pthaniebodimentdt te prasens ineptionan  enbodi nent i f t he
present inventi Ggured ifRséHemaR N - [.Qu A,
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drive in actlBfcrhitia aggordangmwithibs @resemidnvietianhe present invention; Figure 6
is a schematic qgf o FLi i . Coriol.is.force..
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anpl i t udes foim ispprot teblegpreition stpsors swmEs signdl ufrecessing iriedivds &N 26dosdatisd RGthsthgnal
processi ng . ccordance with the present application; 10 Figure 9
is a scher‘rﬂt{;?%ﬁ%gﬁédagﬂrgl | ock-in anplifier for neasuring the Coriolis force
i nduced1phase sHigure Pris acchersiioosf avdod) lbdkeinpangstidiet fornvieRti@Nthe OGS fd:@ei S
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adj ust nent q?‘g{°3§%@§%§rﬁ‘%g‘%ﬁ°éda€8$?’b‘bu H‘?f?'r&]témfeﬁ{i?fged phase shift in
accordance w t hFigne: p0 és@ndchematic of a dual lock-in amplifier including reference frequency

adjustment for measuring the Coriolis force induced phase shift in accordance with the present
invention;
15 Figure 11 illustrates a first embodiment of a capacitive displacement probe in accordance
‘with the present invention;
Figure 12 illustrates a second embodiment of a capacitive displacement probe in
accordance with the present invention;
Figure 13 iliustrates a third embodiment of a capacitive displacement probe in accordance
20  with the present invention;
Figure 14 is a perspective view of a Coriolis mass flow controller in accordance with an
embodiment of the }iresent invention;
Figure 15 is a sectional view of the Coriolis mass flow controller shown in Figure 14;
Figure 16 is an exploded view of the Coriolis mass flow controller shown in Figure 15;
25 Figures 17A and 17B illustrate aspecté of a prior art threaded valve connection and a
sealed threaded valve connection in accordance with the present invention, respectively; and
Figure 18 is a perspective view of an embodiment of a Coriolis mass flow controller in

accordance further aspects of the present invention.
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be complex-and time-consuming, but would nevertheless be a routine undertaking for those of
15 ‘ordinary skill in the art having the benefit of this disclosure.

Figure 1 is a block diagram conceptually illustrating a Coriolis mass flow sensor in
accordance with aspects 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 vibrate the tube 2.
Displacement gauges 4 are positioned relative to the tube 2 so as to measure the twist in the tube

20 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 substances, it is resistant
to rupture from normal process pressures, it is typically noncontaminating and can be readily
formed to the desired shape of a Coriolis sensor tube. However, 3161 stainless steel is not

25 suitable for all applications. Therefore, it is necessary that other tube materials be available to
cover applications not suitable for 316L stainless steel. Known devices use silicon as an alternate
material to 316L stainless steel. The advantage of silicon over 316L stainless steel is that sensor
tubes can be made in a smaller form than can be realized by 316L stainless steel.

Another consideration for material selection for the sensor tube 2 is the resistance to

30 stress induced or enhanced corrosion. Stress is generated at the base of the bending arm where
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vapor deposition as accomplished by thermal or electron beam evaporation or by ion sputtering.

20  If sputtering is accomplished using a highly energetic jon beam so that the sputtered species is
chemically excited or jonized, then a chemical reaction with the surface is also accomplished,
which may be desirable for certain deposited materials. Also, chemical reactions at the surface
may be accomplished by accelerating the chemical species so that the kinetic energy can be used
to activate or enhance the chemical reaction.

25 Tube materials vsed for the Coriolis flow sensing tube 2 in particular embodiments of the
present invention are Austenitic and Martensitic stainless steels, high nickel alloys, Titanium and
Zirconium and their alloys, particularly Titanium-Vanadium- Aluminum alloys and Zircalloy
(for their high yield strength and low Young's modulus), silicon, sapphire, silicon carbide, silica

glass and plastics. Tube coating materials employed in accordance with the present invention
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enbodi ment eﬁhﬁﬂal:e@r Ab#in thodhaiid Q;‘M?e is %Eérggf e?mgnal kbﬁﬁé&n&rbho@ﬁ)e GlchaSh &hlibi

drive. The electrostatic drive 20 incl charge plate 22 positione
near a snalSignalfopicech wpléagmaaml@dzmwb#@ewa@rﬁ% will Eremrantelmmclfeﬂd betweeneit

tube 16 is AmeR ddleddi I% [o]7]] ?h}?%l?ﬁﬂo@ﬁce é&:ﬁ@&#@%ﬂ%@&gﬁcﬁhyﬁe 22 AsShe
posi ti oned near the tu 16 and the dielectric plate 2
voltage polarity is rapxdly chauged on the charge plate 22, the resultant electnc field between it

20  and the dielectric plate 24 will alternately be attractive or repuisive causing the flow tube 16 to
vibrate.

Figures 4A and 4B illustrate another embodiment of the Coriolis mass flow sensor 1 that
employs a novel acoustic drive 30. The acoustic 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.

25 In Figures 5A, 5B and 5C, yet another embodiment of the Coriolis mass flow sensor 1 is
illustrated. The Coriolis mass flow sensor 1 of Figures 5A, 5B and 5C uses a 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
30 16.



elimnated. Again, the charge plate is driven by a signal sour &g Aprib2004
shown), such as a sinusoidal signal source. A voltage applied to the
charge plate 22 will produce an electric field between it and the

di el ectric pl awveo@218This will produce a surface charge on PREVENEPEEtric
plate 24. As the voltage polarity is rapidly changed on the charge pl ate
22, the resultant electric field between it 20 and the dielectric plate 24
will alternately be attractive or repul sive causing the flow tube 16 to
vibrate. Figures 4A and 4B illustrate ancdher enbodi ment of the Coriolis
mass flow sensor | that enploys a novel acoustic drive 30. The acoustic
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. 25 In

Fi gures 5A, SBI imﬁs few rxé@kuraﬂﬂit lilﬂtchfbmbblﬁ}i mﬁiﬁg the Ineismrﬂle)ie?@rm%fdue\w
sensor 1 is, jllustrated. Cori.olis. mass W _sensaqr Fi gures 5 5B
and 8¢ useshsCprelB bRt e A S et R Pum B S5 hile o Ber PRt 45
are positi GRerOfdnPPRRE inifnal Me Tol pals hredyaéalliecatddoon theliRw thee 16 WhedlBet
creating t b',m)rlphs,on%ega h leg 16, as shown in Figure 5. The

pi ezoel ect riols dorcpsindy %F@%E‘F@cﬁr‘?"é’e%ﬂ o oe st e eruleand gragnet 17se

drive ansl/ Ghom@Rasa oggﬁir%e&ﬂu&ﬁie&,q& SbhmpRetht wignet 3mdhtedoh thOTubk 18 ARAMYEI]
01/ 36918 PCT/ USOQ 29337 -8 Mass, fl ow nmeasurenent is achi eved by neasuring

the twist ilmopedede ratiensly peckage wall olherpagnetayill gpqve in endcut efdhrecdl bdueiye a
fluid nmovi ngeubBRGHEHR chil erHseas@ht it BRBoribual F‘%F SXBER) 6t thdthagheQblative MPdol.

conprising magnet and coil pairs are typical | ocated on the flow tube 16
where the Siefeithipissa velociy dngapueree the ¥iede uy e sigpalcis atithe snagisnum shewst .

The coil ang foRaRR6f&sed ifg%wgs;@lt o3 %fg)pqhébwais%&gmdw%ﬁmms@sat he

magnet is nmounted on the tube 16 and the col I's mounted on the stationary
package 19valphase Fhidt indlprielocity kignattha isideteatad by measyting Fe diffir¢nce imible gérp grossing
current in | ' ' r ' [ ft
magnet rol Fredeier FENS, ol Eolnsbs, IARALL LB0Rpecs WAE ELAY R o P

vel ocity, dimt meageremprs chiwmalThis rgaydimit the vithwdtesensitivicno! ndsefléw owasucdneent By
crosses it hiEEeﬁﬁni&%i nt (zero crossing). The Coriolis force induced tw st
causes a 10 phase’'shift in the velocity signal that is detected by
measuring the diABpestsexithe presentinventiomprovids sifloy medswementatoheigne thaeprovides for

vel oo L) SSIBEon TR, i el U5 PLAF RS R IBE SE SR RIRPRAE
f | ow measurtierednsedisignak donditibmioh reckpigues. Refaongstoahe ¢rhisdpneseititstiated énFigores 2-
provide a f4', &%IQ&%%H{ SE M ivl5S Qéng&%uge%tmeggu%ﬂ 195?1‘% gagertcitive pick off sensors. Two
capacitance displacement gauges 50 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
20  generated by a fluid moving through the sensor tube 16. In specific embodiments of the present
invention, the capacitance displacement gauges 50 are miniaturized and surface mounted on the
sensor package wall or on a sensor block inserted inside the loop of the flow sensor tube. The
twist in the sensor tube 16 due to the Coriolis force results in a phase shift between the two
signals from the capacitance displacement gauges 50. Since this is a displacement measurement,
25 the signal is directly proportiohai to the displacement. The relative displacement of each side of
the tube is measured as a phase shift. The gauge driver and signal conditioning electronics
translate the relative displacement of the tube 16 into a high level signal which is a function of
the phase shift that can be used to measure the Coriolis effect when flow is established through

the tube 16.



15 a lower flow capability, is nore direct and requires |ess a@2upat300hn
the circuitry than typical tinme based signal conditioning techniques.
Referring to the enbodinents illustrated in Figures 2- 4, displacenent of
the vibrating eenwsesd ube i s measured usi ng capacitive pick mffussensors.
Two capacitance displacenent gauges 50 positioned near the tube 16 at
positions symmetric to the shape of the tube 16 so as to neasure the tw st
in the sensor tube 16 due to the Coriolis force 20 generated by a fluid
novi ng through the sensor tube 16. In spegific enbodi nents of the present
i nvention, the capacitance displacenent gauges 50 are mniaturized and
surface nounted on the sensor package wall or on a sensor block inserted
inside the | oop of the flow sensor tube. The twi st in the sensor tube 16
due to the Cori o{ ifgstf oB&WinE SedhRigBe RRASE 1§Jy-$ta£g&‘&*éﬁ%ﬂmt§g e ﬁgxgﬂa' S
fromthe capamtance Pacerrent gauges 50. Since this is a
measur ement SuPPlisd; e org @ﬁﬁlﬂ digplagemenit gapses & cangd | amnimputt %gnaﬂ]eumnlsqblbactbcr@ﬂter
The rel ativy, hase
BspliceRbA GoiR gfthsel?g&jakle%bqﬁ BPpI%;t}E rEféF:ecé értﬁ'@i% sggngﬂip lgas

shift. The gauge dr| ver an con ctronic Fhe
relative di@ynusé&emehe logh-in dmeplifighis preportinmel ta ﬂwg Figuevels asﬁlgwtmhal\sﬁlmnc sf a

f t

ef T oot whorioP BanREEE S ik uet oo R ERed BB ool Froe yad fesee
01! 36918 9 shfmnUSABIROSFith tefriressht iBveption may be easlementdde Thabighes maﬁ)vﬁlg left
L ock. ) "

i sp! acenonp gl b of BB he Xel1ibn 90 B Ry by [\ pelrae from the
di spl acenmerkefigaddgtighQiisphicehent ggages S05SEspagtivelyu Ppt yxardp& el Bafefiper 00 hiebe

i nput sign QUL pit from c pro rtlonal
Lo T o it 4\ G Re oBBP e it <R alBi B e8P pbrscilieksd s or Lk inpm

wi th whilgh wusrgnal st Gl dfieer thaﬂhswensbg tﬁH&el(SGmIi'és@hanﬁe fIQi’eCfﬁ%}ithﬂ;Hﬁde B aaﬁes
shift in accor es i,nv on may be inplenented

signal s ar @%ﬁ%%&%“&%ﬂcgéﬂ“ 2@0 sign ?Feftis'aﬁ%ﬂsnal‘m‘bml}é? ’EWO

i nput 100 %dse%e@bﬁwd DetéttorsARSPEIIGY. $‘uﬁd’tf%nz§ll’y0'iﬂet PeDs 164 huftipel ﬁe%ﬁo 5 nals

di spl acerrent ﬁl@gglo respectively. For exarrpl e, the Left "I'nput 0g

used as t hé’r @‘?%}ﬁ&b’ compeneg} #d HRC cpppopenttThe levipges @Feghlaﬂs rerp:lh'afse

| ocked to tihehi f;& veRd3Udo Ty I r

tube 16 res%]ﬁan%e Thgl%gﬁ?ehg oﬁh@ﬁ%& lljgzwé?gé,\ét dl?ﬂahegnqrx&e]'gﬁué iﬁwlﬁf%%(
Left/ Re%:il r OHPEt }%ﬁfﬂheédhfsnawa@seaﬁ@nm@nwd Yentphil 12 iscalledythal“quedranirel” t he
two Phase c5@psichi m@%&sft 85l (8RR 10 1@@ refgﬂéﬁ};%tdlé}faﬁlﬂa)!h of 'i}%sé’r?(@gp%@[ﬁs i

multiply the two signals, EﬁodUC|ng a high frequéncy conponent
conponent . Pig SFQS‘WV even thervscton@agrivde and phase pemvnente qarebeseparatep by it

pr oduci ng qol%ﬂé}le;agﬁfshﬁg_ the X and Y outputs 110, 112. The X

Eq. 1 R= Y X%Y? the magnitude

20
Eq. 2 &= tan ' (¥/X), the phase angle

The relationship between the outputs from the lock-in amplifier 52 and the inputs from
the displacement gauges 50 is derived as follows:
25 Consider the two signals as sine waves with arbitrary amplitudes and arbitrary phase

difference. Each signal can be represented as below:

V]gﬁ =V r= Asin ot
Vnght Bsin ((Dt + ¢)
30



15 output 110 is called the "in-phase" conmponent and the Y out BadtAptilZ004
call ed the "quadrature" conponent of the vector signal relative to the

ref erence signal. Each of these conponents is phase sensitive; however,

t he vector nmagwotondeieand phase conponents can be separat ed mCTiss0/29837
followi ng relationships: Eq. 1 R= X Z+YZ, the magnitude 20 Eq. 2 0 = tan
-'(VAX), the phase angle The rel ationship between the outputs fromthe

| ock-in anplifier 52 and the inputs from the displacenment gauges 50 is
derived as follows: 25 Consider the two-4bgnals as sine waves with
arbitrary anplitudes and arbitrary phase difference. Each signal can be
represented as below. Vieft = Vref ' Asinoit V,;g,t =Bsin ((ot + +) 30
22 April 2004 WD 01/36918 PCT/ US00/ 29837 -10 At the bottom PSD 106 the

fol | owi ng oper atAt@ie Ra6MPSD 108 tie MIGhing bpéritict.cbdrdSi N rat *[ Bsin(cot +4)) X
= 12 AB[cos4) - cos(2cot + 4)) 5 This signal has a DC voltage conponent and
an AC conponent at twi ce Xnéef (Eaqedndgin o fRan(@wdbass Filter (LPF) 108
renoves the AC conponent +reayi = s4) At the top PSD 106 the

foll owi ng operation occur}g: 6@&0%@ %@ﬁgg’?*[B sin(c)t +4] W have a
cosine multiplier since cos rat =sin(cat + 90). Y = V2 ABsin 4) + %2 AB

ahi ch affer  pisS Rt AR 8 D nBEE sfuiisg gt 4G B Pita Febavn Geoion Ap
sin 4). 20 Tellow Rass Fitjert(hRF)ni9g nirhavdethe RC eomthohlrrt iqabiage angle, 0, from
equations 1 and 2 we hav%=%ABcos¢

At the top PSD 106 the following operation occurs:

10
Y’ = Adcos wt*/B sin(ot +¢]
We have a cosine multiplier since cos ot =sin(o? + 90°).
Y’=Y% AB sin ¢ + Y2 AB sin(et + ¢)
15
Again, we have a signal with AC and DC components, which after passing through the
LPF 108, results in the following:
Y =% ABsin ¢.
20 Calculating the magnitude, R, and the phase angle, @, from equations 1 and 2 we have:
R=1 4B
and
0=4¢
25

These calculations may be executed by any suitable digital or analog processing device 120. The
vector phase is proportional to mass flow.

Another method in accordance with embodiments of the invention requires a dual
channel lock-in amplifier with the reference signal and one input signal supplied by one of the

30 displacement gauges 50 and a second input signal supplied by the other displacement gauge 50.



R=1AB and 0=4) 25 These cal cul ati ons may be executed by any g@iAPEbLI®W4
digital or analog processing device 120. The vector phase is proportional
to mass flow. Another nethod in accordance with enbodiments of th

i nvention reqiY?®&8®8qual channel lock-in anplifier with tﬁ@”P@‘f”@?%”ﬁce
signal and one input signal supplied by one of the 30 displacenent gauges
50 and a second input signal supplied by the other displacenent gauge 50.
22 April 2004 WO 01/36918 -11 PCT/ US00/ 29837 The difference between the two
input signals is then measured agai nst the reference signal. The resultant
phase output fromthe lock-in anplifier is proportional to flow Figure 7
is a functional . schematic of a dual channel |ock-in anplifier 54. The
signals are noving in the sane manner and have the sane definitions as in
Fi gure 6. Thediiigrencs basueentbotwosinpitsignals deither nlemrqde%anﬂnbeere&rgnablgmﬁ e

bef th th
oot 100 SoPRRA odohd o B fockih KiplhdlHhrop BOGRE R M7 bt Finpichal
fromthe Rﬁ@hmaﬂlmfmdualothamiebhdt-hmhﬂev(% The sipnaldree moedng ARAE sama@ennknpid

otect oro [Rby FpaRnlERR R Flae he BPBnrLE o o DR 4 ERFenREOBL T

anplifiér B2 beﬂore Eieg;inee)u6103]1@ thEndrivk Gignalwpinge thekddviattheooDefimputo®Osiad. i0this

deterrn'nethe ons t he .out ro heI ck-in amp]ifier
54 and the“th {qqgl%‘?lfslﬁls‘gbg@ﬁtﬁﬁ tgﬁgégh‘jglpu% I‘E‘xe‘fi‘PB{“f}%ﬂ or
anal og pr onembiagmekemma 00 2@narayid e 90SSithsddshirR skl 1td4<3n ﬁﬁlt%l IPRAde ®Bsitive .
Consi der the two S|8na S as sine waves with arbltrary anpl i tudes and

arbitrary PRgsers GPPpLilg,dde iptgrpl Sngtiens e hepame asria dentoskim gmplifics 32 af5
Vieft = Vrgfgureesin rot  Vrght=B sin ((ot+4) 20 25 The output of the Low

Noi se D|fferent| al Arrpllfl er 114 in this case will be Vref - Vright.
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 processing device 126 may be used to perform the calculations.
Consider the two signals as sine waves with arbitrary amplitudes and arbitrary phase
difference. Each signal can be represented as below:
15

Viea = Vier = Asin o/

Viight = B sin (of + §)

The output of the Low Noise Differential Amplifier 114 in this case will be Vyer- Vyjgh.
20 ‘

At the bottom PSD 106 the following operation occurs:

X'=Vier (Vier - Viign)=4 sin o4 sin(w? + B sin(wt+§)]
X= Y A™[1 -cos2ot]- ¥ AB[cost + cos(2ot + ¢)
25
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

X = ¥4 A% - Y5 ABcosp)
30



At the bottom PSD 1 06 the follow ng operation occurs: )C=Vref 2@\%%*2904
Vight)A sin cot[A sin(wt + Bsin(wt+4,)] X = 9% A2[1 -cos2rot]- V2
AB[ cos4, + cos(2w + 4,) This signal has a DC vol tage conponent and an AC
conponent at tWQX®BA6HM® frequency. The Low Pass Filter (LPF)PQOBSA0BIBYeES
t he AC conponent | eaving X=9%2A2--V2ABcos4,) 30 22 April 2004 WD 01/36918 12
At the top PSD 106 the foll ow ng operation occurs: Y = 92 Acos cat[Asin
cot - Bsin(cot + 4))] W have a cosine multiplier since cos wt = sin(w +
90). 5 Y' ="'/2 A2 sin20)t-1/2Absi n0- V2AbKi-nPot +0) 10 PCTI US00/ 29837
Again, we have a signal with AC and DC conponents, which after passing
through the LPF, results in the following: Y=-112 AB sin 4). Calculating
the magni tude, R, and the phase angle, , fromequations |I and 2 we have:
R=1/2 A A2+B2_2AScbeswp PEHd 04 theGolkiveng opeBaiond¢curddcos4) -A 0 is no | onger the
phase angle, but is the ag¢ct ent, a function of the phase angle and the
anpl i tudes of the Left ang Rlil/’]g?ﬁosf”ﬂﬂﬁ?‘“gi‘é;ﬁ‘&(@.*%?ﬂal ysis of this equation
shows that 0 is a strong function of 0. In fact, the relative anplitudes
of the input signals can control the strength of this 20 function. This can
be illustrated iWe§Pagicosimompltipher singeieas 8 = sinfonhPeD. A and B are the
anplitudes of the Left and Right signals respectively. As the anplitudes
are nore closely matched, the _sensitivity is higher for the lock-in
anplifier output, 0. EvenYioé4AsipRist ulteth sih@t Yatiein@bche Wwithin 2% the
sensitivity of O to O is nearly 100 tinmes that of the standard |ock-in
anplifier configuration.

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

LPF, results in the following:
10 Y=-1/2 AB sin ¢.

Calcqlating the magnitude, R, and the phase angle, ¢, from equations I and 2 we have:

R=1/2 A\ A*+B’-24Bcos¢

and

15 0 =tan™| - 2S0¢
Beosp—- A4

0 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 0 is a strong
function of 0. In fact, the relative amplitudes of the input signals can contro the strength of this

20 function. This can be illustrated in graph shown in Figure 8, in which A and B are the amplitudes
of the Left and Right signals respectively. As the amplitudes are more closely matched, the
sensitivity is higher for the lock-in amplifier output, 0. Even for amplitudes that are matched

within 2%, the sensitivity of 0 to 0 is nearly 100 times that of the standard lock-in amplifier

configuration.
25 Figure 9 is a functional schematic of a dual lock-in amplifier 56 with which another
exemplary method for measuring the Coriolis force induced phase shift in accordance with the
present invention is implemented. The signals are moving in the same manner and have the same

definitions as disclosed above. The Left input 100 is also used as the reference signal. As before,



25 Figure 9 is a functional schematic of a dual |ock-in anplifi2éApg62ti4 h
whi ch anot her exenplary nethod for neasuring the Coriolis force induced
phase shift in accordance with the present invention is inplenented. The
signal s are nowong3dsrs t he sane manner and have the sane defrarusomnsszas

di scl osed above. The Left input 100 is also used as the reference signal.
As before, 22 April 2004 WO 01/ 36918 PCTfUSOQ 29837 -13 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 mxed withigtself and its 90 phased-shifted
signal in the two Phase Sensitive Detectors (PSDs) 106 in the top lock-in
anplifier 58. In the bottomlock-in anplifier 60, the R ght Input 102
signal is mxed with the Left Input 100 signal and its 90 phased-shifted 5
signal in thesihaeuAnasehsawmss tsiggﬁ BRbERbRESo (RSDS) mgaQaG}ooTégnan%hﬁQca%'ttﬁgt S

fromthe naon-phase, shifted PS 6 and phase shif
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cosi ne wave, and then passed thrqugh a | ow pass ter to Tenove
ref erence FLWITadHCE noise, in anglog sireyits asound @tingrors il digitel pircaits.dp dheabuad hockaie DC
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between the re ence, fre quency and the signal of Interest
det er ni Fed25yloge Bamplide, qf‘hﬂ‘F’éP%a@Fd gtRg ingg oWyt witli lowkonaie, t he phase
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can be acconpl.ished usihg dual lock-in anmplifiers,
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as an extremely narrow bandpass filter. The signal and noise is multiplied by a reference sine and

cosine wave, and then passed through a low-pass filter to remove the reference frequency. The

20  result of the multiply/filter operations are DC signals that represent a complex vector (x + iy).

The phase difference between the reference frequency and the signal of interest can be
determined by atan(3/x).

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, each

25  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

IR low pass filters 148 as described in conjunction with Figure 6, Figure 7 and Figure 9. The

30  multiply/filter process described above is performed on the Left and Right input signals 100, 102



illustrated in Figure 10, Left and Right input signals 100, 1022#pg!2004
multiplied by reference sine and cosine waves provided by a reference
frequency generator 144. The input signals 100, 102 are mxed with the
sine and cosi ngoawge s i n PSDs 106, then passed through fi frdTescazssbessel
IR low pass filters 148 as described in conjunction with Figure 6, Figure
7 and Figure 9. The 30 multiply/filter process described above is perforned
on the Left and Right input signals 100, 102 22 April 2004 WO 01/ 36918

PCT/ USOQ 29837 -14 with a resulting phasgs4di fference 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

i nput signals 100, 102. In the case of Coriolis nmass flow, this phase

di f f erence u&tﬁ&réﬁﬂﬂigsglﬁge el Ioeﬁbupix Ry ehdiP e aaﬁ%vmﬁ G 15 Shd) il OE ddé in

anplifiers to neasure the extrerreégifg phase d| ference assocl ate
wi th Cori ol requgecysThy differenge hetwesa %@rcgmm sizaple X ¥ represettethe phasefdiBerenmecy

to match t NeerwsinGRPwodhpd: Hafi€ 260, 1P§ meﬁéasé & C85: %ﬁagpﬁb 'tﬁlsfh% sevcﬁfféée&' 0S€

to the signal of interest, "a very equency
t he out put sremesqnﬁenmﬁap@zsefmassﬂewﬁMa The frequency of t he Cor| oI i S

sensor changes WAL IS KONk AERRY B Wl 2! el BLAPSHEE afiichle”

conplicating 10t surene process. reference
adj ust ed acassgcinted] vydﬂtﬁyorpxheoessﬂovg ittik aecmsaawb admstttbe refaremce ﬁeqe:nof totthatch thput

signals 10 t f th t put .ve I s _cal cul at ed.
Thi's may begnz]aagéglr?pelh{sg ﬁfe%‘% qgfe e Slgé a! fsnréoqtvﬁg @%sr?‘t){f)gﬁ a?é’?@ﬁ?f&“’b%f%éﬂ“’t WO
consecut i vefrauepytAC signa mall apthtean thet dugputy ofghaioly-pusé Ailtérs 14810 fieGudnof af e 90
degrees an oduct h s vector, and the er

cal cul at ed%érngga?%mor%an&e%%mg Fnraf)s %W’dﬁﬁPerTgﬁ ’tty ?'iaSIfst&\ﬂ dé‘ﬁd"?"c?oi”ﬁgcatmg
ref erendé ﬂxcmqasanﬁrpntgﬂmsator 144. The error signal 150 is negative,
positive, zerQ ref eren eds to, be adjusted down,

e equenc
up or unc hanged ¥ 5@%8%"? %78‘1“’37“ e eaﬁ%’tﬁﬁﬁ afﬁm%%l? g?' BFﬂ‘PESS’f"lgéEﬁJ%‘HE‘S} VERP S e nt
:c S depeﬂderﬁne ofithe h@u&ﬁgﬁrsaﬂy 1oR. Eih;ﬁ thpd l@s@atwmbaﬂiérogf]ﬁﬂ{rectdﬁ k%cag;ﬁﬁ%ﬁa'f hi¥ma} he

i ner the ust the hetter the ac as determ ne
cal cul ati ng’ lglffgahy (falﬁ‘gl@'i"}ft t?"(3 FopRIES 8’%" gﬂ)leert‘”?ﬂ“ Rof tCB’Eﬁec‘g'é’ﬁﬁP@Et vectors.
Hovvever t HElef:,l thebngﬁal léﬁttpﬂ‘lﬁﬂ’htof shelatedh0eReRbaR OGS d6H pro@icEbLMGS LbLEHEOREY
ntal i re ste chan gnal, frequency, as

il et t he si
wil beyge VD Ot epley e aling T 25 oTor SR A5 A e, FaOvifedaton T qpeltrce
i ntended f rikqueig endrdion DB ThgrRabr EERAUBOGY ne@XRE! bRRRESor F5UEMe SfRiice

changes, a . PID or %da t|ve aI gorlt m can be_used to adjust the reference
frequency |fFFCI5F%P§ own, 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 determined by
20 calculating the standard deviation over a number of output samples. However, the finer

adjustment (small step changes) of reference frequency will be detrimental if there are step

changes in the signal frequency, as the reference frequency generator 144 will take too long

reaching the intended frequency. If the signal frequency, experiences frequent step changes, a

PID or adaptive algorithm can be used to adjust the reference frequency in a more responsive
25 manner.

In alternative embodiments, the capacitance displacement probes 50 may be mounted on
piezoelectric actuators that would, first, align the capacitance displacement probes 50 in three
dimensions. Further, when used with the dual channel lock-in amplifier or dual lock-in amplifier
methods disclosed herein, the piezoelectric actuators can dynamically adjust the sensitivity of the

30 of the flow sensor, thereby providing an extended range of operation.



25 manner. In alternative enbodi nents, the capacitance displ acééntil #0dbes
50 may be nounted on piezoelectric actuators that would, first, align the
capaci tance displ acement probes 50 in three dinensions. Further, when used
with the dual \‘,‘ESH?F& lock-in anplifier or dual |ock-in anplPCH{USPY2988 hods
di scl osed herein, the piezoelectric actuators can dynam cally adjust the
sensitivity of the 30 of the flow sensor, thereby providing an extended
range of operation. 22 April 2004 WO 01/ 36918 PCTI USOQ' 29837 -15 Such
dynami ¢ positioning provides conpensati ol for manufacturing variability,
particularly the positioning of the flow sensor tube relative to the

capaci tance di splacenent probe. Dynam c positioning also provides
conpensation for dinensional shifts due to relative thermal expansion of
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plate 130 or the other, the anount of area contributing to the capacl tance
wi |l changbl- é‘hﬂ‘qmdﬂf‘éﬁﬂlﬂlmﬂﬁvg%@ﬂﬁﬁ@ﬁ@@ﬂmsﬁrﬂewd the segiserdnbral 34wl
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sensor t ublatesl30oyidl theigspected motion 136 normal fo the gap so that cyclic motion of the sensing
tube 134 will position the tube 134 more closely to one plate 130 than the other 130. The relative
20  capacitance is measured between each of the plates 130 and the sensor tube 134. As the sensor
tube 134 moves over one plate 130 or the other, the amount of area contributing to the
capacitance will change and thus the relative capacitance measured.
An alternative configuration has the gap 132 running diagonally across the sensor tube
134 as shown in Figure 12. This allows a less precise placement of the sensor tube 134 over the
25 plane of the plates 130. Misalignment of the sensor tube 134 will cause a smaller mismatch in the
signal as compared to.the parallel gap 132.
A further embodiment 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 angular misalignment of the sent'»or
tube 134 with respect to the gap 132, whether parallel or diagonal, will cause a difference in the

30 rate of change of capacitance between the two plates 130. This will introduce an unwanted



25 plane of the plates 130. Msalignnent of the sensor tube 1322¢Pril2®4use
a smaller msmatch in the signal as conpared to-the parallel gap 132. A
further enbodi ment has the gap 132 in a "saw tooth" pattern as shown in
Figure 13. Thwe g6t i nprovenent over the diagonal gap 132GTAUSONZAB37aN
angul ar m salignnment of the sensor tube 134 with respect to the gap 132,
whet her parallel or diagonal, will cause a difference in the 30 rate of
change of capacitance between the two plates 130. This will introduce an
unwanted 22 April 2004 WD 01/36918 FCTI-USGO 29837 -16 change in phase
between the two signals. The "saw tooth pattern wll 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
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The sensor tube within the housing also has attached to it displacement or velocity sensors with

of

wires connecting through feed throughs to electronics outside the housing. The sensor tube in

20  such devices is relatively large and has a resonant frequency 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 semsor enclosure. By

evacuating the enclosure and utilizing vacuum compatible materials inside the enclosure, the

25 viscous damping can be reduced or even eliminated, Thﬁs, in the exemplary embodiment
illustrated, the sensor tube 206 is situated within a vacuum sensor housing 207.

The sensor tube 206 is designed to allow elastic bending orthogonal to a line connecting

the legs of the tube's Iobp. The loop is wide enough to allow elastic twisting about the centerline

of the loop. In order to measure the Coriolis force at low flows, the sensor tube 206 mass needs

30 to be minimized. Tube sizing is critical since the tube needs to be small, yet still capable of



25 vi scous danping can be reduced or even eliminated. Thus, inZ2g2Aeri2004
exenpl ary enbodi nent illustrated, the sensor tube 206 is situated within a
vacuum sensor housi ng 207. The sensor tube 206 is designed to allow elastic
bendi ng orthogwoalsadm® a |ine connecting the |egs of the tulrTasshwmps? The

|l oop is wide enough to allow elastic twi sting about the centerline of the
| oop. In order to neasure the Coriolis force at |ow flows, the sensor tube
206 mass needs 30 to be mnimzed. Tube sizing is critical since the tube
needs to be small, yet still capable of .22-April 2004 WD 01/ 36918

PCT/ US00/ 29837 -17 retaining the fluids at extended pressures. It is also
preferable for the pick off sensors 210 to be non contact since any
contact with the tube 206 or mass | oading on the tube 206 nay suppress the
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pins 302. conductive plate 300 and the flow sensor tube 206 when the flow sensor tube is vibrated 206,

In the illustrated embodiment, the conductive plates comprise first and second plates as

20  disclosed above in conjunction with Figures 11-13. In the particular embodiment illustrated,
saw-tooth shaped plates, as illustrated in Figure 13, are employed. The capacitive pick off
sensors 208 are assembled into an integrated sensor block 301 sized to fit into the sensor
enclosure 207, dimensionally referenced to the back wall of the enclosure 207 by press pins 302.

The conductive plates 300 of the capacitive pick off sensors 210 are manufactured on a

25 multilayer printed circuit board so as to provide a guard layer to minimize parasitic capacitance
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
illustrated embodiment. Standard fiberglass materials are not vacuum compatible. Desired

material characteristics include that it be vacuum compatible, solderable, bondable into



The conductive plates 300 of the capacitive pick off sensors 2%8ARfib2004
manuf actured on a 25 nultilayer printed circuit board so as to provide a
guard layer to mnimze parasitic capacitance and a back contact |ayer for
sol dering to tweesmasor bl ock 301. Since the capacitive piclRCoUSIN298XISOr S
210 are required to operate in a vacuum |ow outgassing materials are used
in the illustrated enbodi nent. Standard fi berglass materials are not
vacuum conpati ble. Desired material characteristics include that it be
vacuum conpati bl e, sol derabl e, bondabl e iugt-0 22 April 2004 WO 01/ 36918
PCTI USOQ 29837 -18 multilayers with a | ow outgassing bond and that it have
a low dielectric constant for sinple guard |ayer design. In a specific
enbodi ment, conmercially available DRUOD is used. The sensor block 301
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The coil 306 is located outside the sensor enclosure 207, coupled to a circuit board 209.

20 The sensor enclosure 207 is nonmagnetic and thus transparent to the magnetic fields. 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 the face of the magnet 304. The sensor tube 206 is driven to resonance

using the signal from one of the capacitive pick off sensors as feedback to the coil drive circuit

25  through a phase locked loop (PLL) function. The 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, t-hrough the flow sensor

tube 206, through the flow control portion 204, and through the sensor flow outlet 216. The flow

30  control portion 202 includes a meter body 222 with a valve coil 228 and coil cover 230 situated



using the signal fromone of the capacitive pick off sensors a<2fABbE to
the coil drive circuit 25 through a phase |ocked | oop (PLL) function. The
functi on may be mEI enented as an electrical 'circuit or in software. The
sensor tube 20¥%%3#inted to a base portion 212, which defie<SUH083iy
inlet 214 and a flow outlet 216, such that a flow passage is provided from
the inlet, through the flow sensor tube 206, through the flow control
portion 204, and through the sensor flow qutlet 216. The flow 30 control
portion 202 includes a neter body 222 wit¥#-a valve coil 228 and coil cover
230 situated 22 April 2004 WO 01/36918 PCT/ US00/ 29837 -19 therein. A valve
stem 232 and plunger 234 are situated within the valve coil 228, and a
valve body 236 is connected to the nmeter body 222 with a seal 238
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installed on the base plate 310
e-beam welded into place, prov1d1ng a vacuum tight environment,
The remaining valve components and end blocks 224, 225 are then assembled with the
20  meter body 222. The electroformed nickel seals 226 may be used, or elastomeric o-rings may be
used for calibration purposes, then replaced with the nickel seals. The electronics are assembled
and installed on the completed assembly. An o-ring 332 is installed on the base plate 310 and the
enclosure 205 is pressed down over the o-ring seal 132. Cam lock so n the base plate 310 are
rotated to lock down the enclosure 205. An-o-ring 334 is installed on an electronics cover cap
25  336. The electronics cap 336 is positioned over a user interface connector 338. The electronics
cap 336 is pressed into place on the enclosure 205 affecting the o-ring seal. The assembled mass
flow controller 200 is then tested and calibrated.
The exemplary Coriolis mass flow controller 200 has a modular design that provides

several benefits. As discussed above, the electronics packaging is designed to effect o-ring seals

30  at the flow body (between the lower end of the enclosure 205 and base plate 310) and at the top
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20 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 illustrated Coriolis mass flow controller

200, a circular hole 246 is 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

25 the center of the plunger 234 minimizes any effects on the magnetic circuit so that the force to
open and close the valve against hydraulic forces is maintained.

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

deformable material that, when pressed against the land of the orifice, will form a seal against

flow. In the case of a normally closed, solenoid type valve, the force against the seat may be

30 generated by a spring balanced so that the solenoid action lifis the seat from the orifice land. In
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orifice comﬁﬁuemttdlstmsemmﬂmmaxnﬁngﬂow 17A, however, a typical threaded
adjust int

oes not. seal betwe @ﬁ orifice body 250 and
t he vaI ve body ]%Eitm% dgg\/fsnraay uﬁeeaa‘fgnﬁtgtq% Ob"’gﬂﬁia Spacing-REtwess dhe sgatand,
t hr eaded athnd,smcladhhg placiup skimstunddr thd”ll%nd bor md Sr 21Eﬁné)€ ﬂ&%’e@ddjuaﬂleﬁ&%ieﬂsin
fluid | eak ElA arates 3:53 37 qmrlng sket pr.ovi des this
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and/ or | andnﬁde&loﬂ‘ﬁdﬁ seal between the orifice body 250 and the valve body 252, leavmg a leak path
254 between threads 256. Such a threaded adjustment requires that the threads 256 be sealed
20 against fluid leakage. A separate seal, such as an o-ring or gasket provides this seal.
In accordance with aspects of the present invention, the orifice 244 and/or land are made
of a plastic material, such as VESPEL®, which is machinable into a threaded component with a
precision orifice. As shown in the exemplary embodiment illustrated in Figure 17B, the threads
256 are machined oversized so that there is an interference fit 258 between the orifice body 250
25  and valve body 252, thus sealing, eliminating the need for a separate seal (o-ring or gasket). The
orifice Jand now is the deformable member simplifying the design and manufacture of the valve
~ seat 240 and plunger 234 (referring to Figures 15 and 16).
The present invention, however, is not necessarily limited to any specific valve plunger
configuration. In alternative embodiments, a pump is used in place of the valve. A metering

30 pump, for example, may be used for fluid control purposes. In particular, 2 piezoelectric pump



of a plastic material, such as VESPEL(r), which is machi nable 2Afpriy2004

t hreaded conponent with a precision orifice. As shown in the exenplary
enbodi ment illustrated in Figure 17B, the threads 256 are machi ned
oversi zed so tW8 M e is an interference fit 258 between tHE/W¥%¥¥e body
250 25 and val ve body 252, thus sealing, elimnating the need for a
separate seal (o-ring or gasket). The orifice land now is the deformble
menber sinplifying the design and manufacture of the valve seat 240 and
pl unger 234 (referring to Figures 15 and226). The present invention
however, is not necessarily limted to any specific valve plunger
configuration. In alternative enbodi nents, a punp is used in place of the
valve. A nmetering 30 punp, for exanple, nay be used for fluid control
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2004 -23 CL‘}A? Ripteqtiongopsh herpiniis as st forth gy the glamsdelomdr a mass f1 ow measur enent
device including a flow sensor tube and a drive device for vibrating the
fl ow sensor tube, the capacitive pick off sensor conprising: 5 first and
second conductive plates enbodied in a nmulti-layer printed circuit board
including a guard | ayer and a back | ayer solderable to a sensor' bl ock, the
first and second conductive plates being connectable to a first voltage
potential and adapted to be situated adjacent a flow sensor tube connected
to a second voltage potential so as to define a gap



bet ween the fl ow sensor tube and the conductive plate, the first and second
conductive 10 plates being situated in a conmon pl ane; such tgg%llhg
capaci tance between the flow sensor tube and the first and se ril 2004
conductive plates, respectively, varies due to the notion of the flow
sensor tube relative to the first and se¥ond conductive pl ates when the

fl ow sensor tObAIMS:vi brated. 2. The capacitive pick off sensor of claim1,
wherein the fl ow sensor tube is 15 coupled to ground potential. 3. The
capacitive pick off. senAsocapaditied pick &ff sdaesrefon 4 hmaski fiet medwsseemndevi@d at es
are in a plane, tangential to the ti,on of .the vibrati fl ow sensor tube.
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such that the capacitance between the flow sensor tube and the first and second

conductive plates, respectively, varies due to the motion of the flow sensor tube relative to
the first and second conductive plates when the flow sensor tube is vibrated.

2. The capacitive pick off sensor of claim 1, wherein the flow sensor tube is

15 coupled to ground potential.

3. The capacitive pick off sensor of claim 1, wherein the first and second

plates are in a plane tangential to the motion of the vibrating flow sensor tube.

4. The capacitive pick off sensor of claim 1, wherein the first and second

plates are positioned side by side so as to define a uniform gap therebetween.

20 5. The capacitive pick off sensor of claim 4, wherein the first and secbnd

plates are at the same potential and the flow sensor tube is at ground potential.

6. The capacitive pick off sensor of claim 5, wherein the first and second
plates are generally rectangular and the gap extends generally parallel to the flow sensor
tube.

25 7. The capacitive pick off sensor of claim 5, wherein the first and second
plates are generally triangular and the gap extends diagonally relative to the flow sensor
tube.

8. The capacitive pick off sensor of claim 5, wherein the first and second plates

are generally saw-tooth shaped, and the gap defines a generally saw-tooth shape.





