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{57) Abstract: A capacitive pick off sensor for a mass flow measurement device is disclosed. The mass flow measurement device
=~ includes a flow sensor tube and a drive device for vibrating the flow sensor tube. The capacitive pick off sensor includes at least one
conductive plate connectable to a first voltage potential and adapted to be situated adjacent the flow sensor tube which is connected
to a second voltage potential. The conductive plate is positioned relative to the flow sensor tube so as to define a gap therebetween.
The capacitance between the conductive plate and the flow sensor fube varies due to the relativemotion of the conductive plate and
the flow sensor tube when the flow sensor tube is vibrated. In other aspects of the present invention, the flow sensor tube is situated
in a housing and the drive device is positioned outside the housing for vibrating the flow sensor tube.




WO 01/36918 | CORI QLI S MASS FLOW CONTROLLER PCT/ USQ0129837 Thi 22A%pil @@ i on
Is a continuation-in-part of U S. Patent Application Serial No. 09/326, 949
filed June 7, 1999. BACKGROUND OF THE INVENTION 5 1. FIELD OF THE | NVENTI ON
The invention WOI0X®B generally to a mass fl ow nmeasurenent arckgsookessd , and
nore particularly, to a mass fl ow neasurenent and control device based on
the Coriolis force effect and having an integrated flow control valve with
associ ated sense, control and conmunication electronics. 10 2. DESCRI PTI ON
OF RELATED ART Mass fl ow neasurenent base#l-on the Coriolis force effect is
achieved in the followwng manner. The Coriolis force results in the effect
of a mass noving in an established direction and then being forced to

change direction with a veclORIODIPMASS FNOWEDNIRODEERSt abl i shed
direction of flow. This can be expressed by the foll ow ng equation: FF =

Mxm Where Fc (t HEisCapipbtation fieor & eontbmmtion-inksartt be 0.8 Waten®fAgpli€atioh 0S&iaP1@sluCt

of M (the cl.or, nd e) (the angular velocity vector). In a
rotating S;@%?%Zr?frd4?\#éed\g§%eu =é%99€e| ocity vector is aligned along the axis of

rotation. 20 Using the "Ri ght . ' fine the direction
of rotation and the thunb, ex?‘g‘%@bﬁﬂkmwgﬁéﬁ]@ vel ocity vector
di recti og. 1_nF§$ﬁ) fl‘ﬁ’i?l tcal Coriolis force flow sensor, a tube,

t hrough which flurd f OWIIS (;ltl e established, is vibrated. Oten the tube
is in the shapeyefiRRBod fel iRy The | shape i s such that the nmass
flow vector is directed in  op cl)lsl%?gstgliar g‘% 3 gﬁ‘g it i & R ﬁpﬁfnéfm‘frﬁe

| oop. The tR#fculagppie anmgss fowrmeagarapbm, an @otittd] d2Gics haspd dn theeCoriulg fbrds effect

triangul ar Qf pa@gl LR tSHAREHAI ' A the.special case of a straight
tube, there are V\oms?eé?rru ta%‘ggargpdéhg@f’. é‘b &vaéf"c?&%% ef}séacf‘B}I@FF‘Fé?‘”%W‘@maﬂon
coi nci dent elestropies. anchor points of the tube while the mass flow vector is

in a single direction. The angul ar velocity vector changes directions
since, ith 2 vPESERIRHON OFRELAREDAREcti on of rotation changes. The
result is that, _at any given tine, the Coriolis force is acting in opposite

30 directions \/\,{D@s%ﬂ?‘ﬁéﬂ%@fﬁ# 8%9e¢ ea ttlesr Sordolistfhese affgutlinpchiokdin thy fulboting S
are direct eghnhér. PRPOSHJIS 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= Mxw

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



22 April 2004 -2 directions. Since the angular velocity vector is
constantly changing due to the vibrating system the Coriolis force is
al so constantly changing. The result is a dynamc twisting not4AmilBe¢hg
i nposed on top of the oscillating notion of the tube. The magnitude of
twst is proportional to the mass flow f&r a given angul ar velocity. 5
Mass fl ow neasurenent is achieved by neasuring the twist in the sensor tube
due to the Coriolis force generated by a fluid noving through the sensor
tube. Typi cal dilcbeoMs. SiHey the @agl&Svelical vedtbr ﬁ%ﬁ%ﬁly%ﬂf@ﬂ%saﬁwmrm Rtfratd
coil pairs located on the flow tube where the Coriolis force' s induced
di spl acenent v&temx heeaiplis forppisplwatoagiantlyrshangiag. Thefgsultg grdsmanicetigingt ed
On 0pposi NG ShbkkitBEMRSmMpbRE of XeH o oskMBtAFRANRI df the TRBE TRE mAPnitlae offiftube

and the coil is nmounted on the stationary package wall. The nmagnet wil|
nove in and i§@topgttiopdo thgmass Javyive p syemangilar ¥decityn the coil. This current

i s proportg onal tosheowheirdnter®ls acﬁi&eedrwmsmﬁg kiRtthviEinitRe deSor @e!due @ NCE
this is a velocity neasurenent, the velocity, and thus the signal, is at
t he maxi num wieCofipks faresgangisted by Buid medng duqughhe, sensarddpbe. chypical kepwn The

Coriolis forcgvidasussslcl WrstnseRUDRDriginD ReSRetSMlichilipairt MRaté@loBGhd Howi RAl
that is detected by 15 neasuri 2_% the difference inthe zero crossing timnes
bet ween t he tWperedegepria)is ey inguced displacament de exnepied o he greatgst) Apgyeciband)r acy

burden on t hemh e aldBASIMIRMBA SppSbifs sthichues, fiex  tht infFehet i frokhibd BRlR:
sensitivity of mass flow nmeasurenent by this technique. Further, the flow
rate capad | i wbezndghe gaibigeponaied e thestatioepry packagq wall- S'he aagps vl ynovesin end ar e

limted to flQwok ﬁ{e%ﬁil,ﬁ%}ch@&u@eﬂﬂﬁrﬂé&ﬁﬁrﬂ?%{&fjisgﬁpoﬁﬁﬂm t@ﬂi&'x}'efo%ft} ans.
20 Moreover, existing Coriolis nmass flow neasuring devices only provide for

mass flow sen®f Aesudt raatiye to the sot Alince (Tyviscorplacdy meapuesnentithevelodity, #stheseen

left to the UsEkighd) PLOUE HRxidIMN wHBARS A&R fube QRstR ik kdPpdihiQ¥ero I%@s%ﬁé“
i nvention addresses shortcom ngs associated with the prior art. S RY OF

THE | NVENTI ONCarpliaderse ddpepdityish pausespephaseshift frethe yolopity eignal s isdqtectesi i ded

a capaci tisve Rl fhe BRIGRE il B Rrd B8 i MU RATH IR0 A8ty SedsBs! i NY
a flow sensor tupe and a drive device for vibrating the flow Sensor tube,
the capaci ti viFagice Kispiaces arigige 2eqyrasy ibyrdar on fhe Gme measuswrssh eirsnd Tbisi mey

pl ates enbodi pgit iHe uftiniid dehsitivAly D ks MFvEdleiremidhitby M tethnidac! udi ng a guard
| ayer and a back | ayer solderable to a sensor block, the first and second

30 conductive pl atiBsthpieheflavoratreeapailidestal kaown devices drsedga Gariokiatechnolag
adapted to beygid Wal Bfhited 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;



adj acent 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 common22haiadtd?
April 2004 -3 such that the capacitance between the fl ow sensor tube and
the first and second conductive plates, Pespectively, varies due to the
notion of the flow sensor tube relative to the first and second conductive
pl ates when the fl ow sensor tube is vibrated. 5 BRI EF DESCRI PTI ON OF THE

DRAW NGS Qt her obj @gf #hap iR ﬁﬂéﬁ@t&k@%ﬁwé&ﬁ thedBow KR hﬁa@ anhl lthe RAE QRE sRBRAT ent
upon reading the follow ng detailed descrjiption and upon reference to the

drawi ngs in viSPEUFIVEPIgigh despestively, yrise Ruefodbs @ﬁﬁl@b?féb?)ﬂawswow fubgEdlatiye fhg a
Coriolis nmassghi FRMAIGERAA céﬂ&uctﬁz%%&'ﬁéé%@@ﬂl\é‘ﬂb@ eeerbsisAordte present
invention; 10 Figures 2A and 2B illustrate a Coriolis mass fl ow sensor

enpl oying an el ectromagnetic drive in accordance with an enbodi nent if the
present invention; Figures 3A and 3B illustrate a Coriolis mass fl ow sensor
enpl oyi ng 5an BRAEFDESGRIPTIONOFTHEDRAWING®1ce With an enbodi ment if the
present invention; Figures 4A and 4B illustrate a Coriolis mass fl ow sensor
enpl oyi ng an acousﬁ)iher ohfé&etchmid\advantagas obthe &mention will roomeriygdrarenion rbadilge
present inven 2004. WO 01/ 36918 P 29837 .:4 Figures 5A,
5B and 5C il &]‘?tofn]gﬁ g%}l'eflg?ﬁcgptmi‘sag PPOVIFSENSD ﬁ?%?% i ezoel ectric
drive in accor dancEgwetiHs amoem@aﬂmhcdpfuanﬁmupﬂrmgmtcmﬂumhsscﬂmw Feh@uire 6
is a schematic of .a | ogk-in cg:gtﬁ;lfler for .measuring the Coriolis force

i nduced phas@°OFaREe With aspecty Y AFRLeSEHtIRVepi® pr esent i nvention; 5 Figure 7

is a schegatic of ﬁg&@@lmﬁangb {IRGHkaté M aTERiolif | s Dow MRASH bxﬁﬁlosqhg an
Coriolis force i nduced B ase shift in accordcﬁ@ce wi th the present

i nvention; Fi §lfFEomegnglicryeprceniames Mian ARoehmeRtd e Profshingbetveen t he

anpl i tudes of i NPUFigiie8 BRIaRd 3B HIRRISE B EQFiolis tRsss PIBW! sthBPerMFIBAARE n HSduRSE gnal
processing nethods i'n accordance with the present application;
drive in accordance with an embodiment if the present invention;

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

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



10 Figure 9 is a schematic of a dual lock-in anplifier for neawApy20be
Coriolis force induced phase shift in accordance with the present
invention; Figure 10 is a schematic of a dual |ock-in anplifier including
ref erence frequwarmpesndj ustment for nmeasuring the Coriolis fargesinseced
phase shift in accordance with the present invention; 15 Figure 11
illustrates a first enbodi nent of a capacitive displacenent probe in

accordance wth the present invention; Figure 12 illustrates a second
enbodi mrent of a capacitive displacenent pgobe in accordance with the
present invention; Figure 13 illustrates a third enbodi nent of a capacitive

di spl acenent probe in accordance 20 with the present invention; Figure 14
is a perspective view of a Coriolis nmass flow controller in accordance with
an enbodi ment dfigirhes I BSAALSC MSTHid & ToribhOMES b dedis@ : e f

t he Cori ol i&vrrass flow control | er shown in Figure 14; ° Eﬁg’m‘%ﬁlﬁ""ﬁ&&
expl oded vi FWeIR acAarss Wity snembadiment if the prasent é1veationshown i n Figure 15; 25

Figures 17A and Hgf blid H3iHerbRe 869 fickdn AhpRid thPheRtind HeBIGH; ¥o%e¥ ﬁldltlcﬁg

connection and a_seal ed threaded val ve canectl on 1n %lécco?”g)ance W
present i nvidhaes it inagensdaneq vish the prasent invepfinne 18 i s a perspective view of an

enbodi nept of a kLl 6l : i rdance f.urt,her . ..
Sopacto ot the. ke 7t § sRaRnc bPY ATk Sl gpPifRTRE RSl HeCorilis,
-5 Wen t heforeqindueddamhaseshifiis eeqordabteewitivthe gresou snvemitin i cat i ons and

alternative for j %a"h'ﬁ[}ﬁlﬁi thereof have been shown by way of
example in the E?gau\ffggsgé i 1l g] eqlE %I‘&%lé)gsgirlﬁ g%tge?%tﬁagpgﬁuaesl c\fmgﬁ’%ﬁ}gﬂéﬁe
under st ood, frémewenser jfubehensitivh ssexbesscusing signal hero@issing inepde iif iaGeorduto ithefht S

is not int - L.m.t the invention to the particular forns disclosed,

but on theetg&g%ﬁi)ﬁédrag}‘?g’t he intention is to cover all nodifications,

equi val édts, andfiguke 8rimatichesaticadfl 4 dgal ibdkhinnamgilifier $@i hedsurdipdths C0RR 1O ffodcbe

i nvention i .t he en cl ai Irs. TAI LED DESCRI PTI ON OF THE

| NVENTI ON ﬁﬁ?‘%@éﬂ%@?@?gﬁ;&%&%ﬁm@ﬁgﬁpf?f@‘ﬁ%‘(?@ ton are described bel ow. In
the interest of Figuari10)is a2 sthématlcl off eadudl &Rkod agiplifiet Wokhdind RN Heh@RcAr

descri bed ia'ajutstrr]riiexslt for %iaguiri%ga ie 6riollits fg}ﬁ-celt &ndggedcp lz;sress?u'ft 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.



10 be appreciated that in the devel opnment of any such actual eZBdgrihiid,
numer ous 1 npl enentati on-specific decisions nust be made to achi eve the
devel opers' specific goals, such as conpliance with systemrel ated and
busi ness-rel atwdop@ast rai nts, which will vary from one i nplRETEiIS0&INHN to
anot her. Mrreover, it wll be appreci ated that such a devel opnent effort
m ght be conpl ex and tine-consum ng, but woul d neverthel ess be a routine
undertaking for those of 15 ordinary skill in the art having the benefit
of this disclosure. Figure 1 is a block -di-agram conceptually illustrating a
Coriolis mass flow 'sensor in accordance with aspects of the present

I nvention. The Coriolis mass flow sensor | includes a flow sensor tube 2,
with a drive device 3 situated relative thereto so as to vibrate the tube

2. Displ acerrenwmau@qsveﬁn@m siQ&tibleQd QiR InRidifikaiér ah&eltérhmﬁe ff‘orﬁfa cifi®
neasure the |nth 20 2 due to Coriolis force. pi ca
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suitable for al (gpl Ications. Therefore, It Is necéssary t ot h
materi al s Bee spirdian iﬂoeeQfdheEManmeChbwmgpmde@lﬁ:mabl e for 316L
stainless steel. Known devices use silicon as an alternate material to

316L stainless steel. T'IEMBESCRH’PIONWWTHEQN@%@ ainless steel is
that sensor tubes can be nmade in a smaller formthan can be realized by

316L stainl ess Hiuegdtive AbbdiRENtS 0N te dRVeatibro ke (descriBBY BEIbW! InSBE Bfidrk2 Bf Elfint he
sensor tube 2 Lgﬂ t he resi sléﬁ?nce to 30 stress induced or. enhanced
cor r osi on. et 3lkiatupes of ap agul dyplgmentafionue desgabadya s sercHisatignatwillref cogrse

Apri |l 2004 b¥OafpéciEB tl?a(t:T in) SRO/ K813 m@ntt Re AlyDQECHAr RivAP WHimd® numerous

pol ycrystalline materials stress w cause inmpurities in the material to
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m crocrystalline grains nmaking the nmaterial to be nore susceptible to
cheni cal affplgRent@jonde anathey.d¥oreoventicwillhegppregiated that sush agevelopgpsnt ¢ffortmight ess
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are usually olycr stalline and therefore nore susceptible Is type of
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attack, since they
accordance w1th 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



not have a grain structure like polycrystalline materials. Tub@ZrgrieZ0@d s
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I nventi gn. S sepsor. 1 enpl oys a LT
drive 16 T AR Ty, P eccomplised by thermalie aotivate] demasiiion Jrom o vanos) s RrcReweb
shown) , whiifingih chhibe cuiReialRRivated letsidiates L SRAMELS@SuRs ThusoLdal is shanal
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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



flow path fromone port 19 through the flow tube 16 to the ot h@?2 Apol200K0.
The exenplary sensor 10 tube 16 shown in the enbodi nents disclosed herein
is generally "U' shaped, though other shapes, such as delta shaped,
rectangul ar, ceigeg@eor®r sStraight tubes may al so be used. Fi getiessedsvsgnd 3B
Il lustrate an enbodinent simlar to that shown in Figure 2, using an

el ectrostatic drive. The electrostatic drive 20 includes a charge plate 22
positioned near a small dielectric plate 24 nounted on the sensor tube 16.
If the tube 16 is made of dielectric mateyial, 15 then the charge plate 22
I's positioned near the tube 16 and the dielectric plate 24 may be
elimnated. Again, the charge plate is driven by a signal source (not
shown), such as a sinusoidal signal source. A voltage applied to the

charge pl atgcidde Wlnl:dn &%ﬂﬁ&g’%?ck@in cﬁ':xjo € ihfodd, ?#éjrelﬁ% eBrtlilles, ?’{%qe% ory é?etal

dielectric plate 24. This w | pro uce a surface ¢ rge on’
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signal source. A voltage applied to the charge plate 22 will produce an electric field between it
and the dielectric plate 24. This will produce a surface charge on the dielectric plate 24. As the
voltage polarity is rapidly changed on the charge plate 22, the resnltant electric 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.



a current in the coil. This current is proportional to the vel @2iApyil 304 he
magnet relative to the coil. Since this is a velocity neasurenent, the
velocity, and thus the signal, is at the nmaxi numwhen the flow tube 16
crosses its rexoopRIst (zero crossing). The Coriolis force PREMSUEIPR st
causes- a 10 phase shift in the velocity signal that is detected by
nmeasuring the difference in the zero crossing tinmes between the two
velocity sensors. In practice this places a |arge accuracy burden on the
time neasurenment circuitry. This may |im8-the ultinmate sensitivity of mass
fl ow nmeasurenent by this technique. Aspects of the present invention
provide a flow neasurenent technique that provides for 15 a |lower flow
capability, is nore direct and requires | ess accuracy in the circuitry than
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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.



shift in accordance with the present invention may be inpl enmen2dprilko4
signals are noving left to right as illustrated in Figure 6. The Left

i nput 100 and Right input 102 signals are fromthe Left and Ri ght

di spl acenent gewgessepd respectively. For exanple, the Left impuiseddd@say be
used as the reference signal. The sine out 103 is the drive signal, phase

| ocked to the Left input 10 100 signal. This will drive the flow sensor
tube 16 at resonance. The Right Input 102 signal is mxed with the

Left/ Reference I nput 100 signal and its 99.phased shifted signal 104 in the
two Phase Sensitive Detectors (PSDs) 106. Functionally, the PSDs 106
multiply the two signals, producing a high frequency conponent and a DC
conponent. The |l ow pass filters 108 renove the high frequency conponent
producing a DC Y:@'ﬁrﬁgsﬁ‘gr@f pfo@&s%gqgﬁmﬁug%&uﬁ%cyﬂ anl&l% r R4 Bgﬂalllo
is called the "in-phase' conponent and the Y output 12 cal edt
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| eaving X= V2 ﬂ(1: %ei ft/Reference Input 100 signal and its 90° phased shifted signal 104 in the two

Phase Sensitive Detectors (PSDs) 106. Functionally, the PSDs 106 multiply the two signals,
producing a high frequency component and a DC component. The low pass filters 108 remove
the high frequency component producing a DC voltage at the X and Y outputs 110, 112. The X

15 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 feference 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= 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:

Viert = V er = Asin ot
Viien = Bsin (f + )
30



At the top PSD 106 the follow ng operation occurs: 10 Y = Acog2dvrik3@@4
sin(c)t +4] W have a cosine nultiplier since cos rat =sin(cat + 90). Y =
V2 AB sin 4) + % AB sin(2cat + 4)) 15 . Again, we have a signhal with AC
and DC conponewodi3ee ch after passing through the LPF 108,poTassabsressi n t he
followng: Y=02 AB sin 4). 20 Calculating the magnitude, R, and the phase
angle, 0, fromequations 1 and 2 we have: R=1AB and 0=4) 25 These

cal cul ati ons may be executed by any suitable digital or anal og processing
device 120. The vector phase is proportiloral to mass fl ow -Anot her nethod
in accordance with enbodi nents of the invention requires a dual channel

| ock-in anplifier with the reference signal and one input signal supplied
by one of the 30 displacenent gauges 50 and a second input signal supplied
by the other di ynliacerenPSDaNEehdxBllowidg Apratlon2@Qds: WO 01/ 36918 - 11

PCT/ US00/ 29837 The differgnce between the two input signals is then
measur ed agai nst the ref ekehee (¥ingnafsin pRdBsip@e ji%d ant phase out put from the
| ock-in anplifier is propgrti [o] LJsigure 7 is a functional
schematic of a dual chanﬁgl %%@E¥F£ %£;$¥?ﬂgr 54. The signals are noving in
t he same manner and have the same definitions as in Figure 6. The Left

i nput 100 is al §9Q: t ference s al . As before,.th i ne out
1051 s the dr va e AR S ate yORsg LERB R A PRpeientigide e Fedterti hi s
case, the LBfetLowiast Filk&{LBIF)OI08 rerhaves the tACeingdnént ¢ddvinge R ght | nput 102
signal and m xed with thgyuhﬁbklR ference Input 100 signal and its 90
phased shifted signal 104'T ®®wo Phase Sensitive Detectors (PSDS) 106.
The internal functions are the same as in the lock-in anplifier 52 of

Fi gure 6.

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.



10 The followi ng derivation may be used to determine the rel at 23AgHI 3004
between the outputs fromthe lock-in anplifier 54 and the inputs fromthe
di spl acenent %ges 52. Any suitable digital or anal og processing device
120 may be us 15%48r f orm t he cal cul ati ons. Consider the tRETAPYRAE as
sine waves wth arbitrary anplitudes and arbitrary phase difference. Each
signal can be represented as below 15 Vieft = Vref = Asin rot Vrght=B sin
((ot+4) 20 25 The output of the Low Noise Differential Anplifier 114 in
this case will be Vref - Wright. At thelbottom PSD 1 06 the following
operation occurs: )C=Vref (Vref - Vight)A sin cot[A sin(wt + B sin(w+4,)]
X =09 A2[1 -cos2rot]- V2 AB[cos4, + cos(2w + 4,) This signal has a DC

vol tage conponent and an AC conponent at tw ce the frequency. The Low Pass
Fi | ter (LPfhe did@ranembpieeentthetwadnpersisaiens thee measugedXgsinnzhe NRARCO sidngl. T 22

occurs: v "SRR S inft ub WA Bnpifit i BobdiodPla i, 1R kL hifgional

mul ti pl i er sghemetc efagiugkchanns] lo¢nin ampdifier 54 The sighalQardihosing Dt sdm@ARmienthd

ot Y 0 B B AR,

Y=-112 AB gisheldje, tEairewhnl 03ng thehdrivewipnall plikse 1dskedandhd heft pBaSWOR@AICIn this r om

equations Lasg,qge Eeﬂ\fnpgtalvo%:signal is subtracted from the Right Input 102 signal and mixed with the
Left/Reference 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.

10 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/

Viignt = B sin (of + ¢)

The output of the Low Noise Differential Amplifier 114 in this case will be Ves- Viight
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



R=1/2 A A2+B2_2ABcos4) and 15 0 =tan-' Bsin4) Bcos4) -A 0 is 6 ARhg4 t he
phase angle, but is the arctangent, a function of the phase angle and the
anplitudes of the Left and Right input signals. Analysis of this equation
shows that O | ¥®186Hdng function of 0. In fact, the rel ati peT/EsAORIBUIeS
of the input signals can control the strength of this 20 function. This can
be illustrated in graph shown in Figure 8, in which A and B are the
anplitudes of the Left and Right signals respectively. As the anplitudes
are nore closely matched, the sensitivi4l4s higher for the |lock-in
anplifier output, 0. Even for anplitudes that are matched wthin 2% the
sensitivity of O to O is nearly 100 tines that of the standard |ock-in
anplifier configuration. 25 Figure 9 is a functional schematic of a dual

| ock-in anplifi ehttbEStopiPSH 1b ttetfoliovdhdegeratidi@b@ikar y met hod for neasuring the
Coriolis force induced ph@sggshi ft i n accqordance with the present

i nvention is inplenmented. ' Thé 405 RAHEn G & Bsg@gdiin t he same manner and
have the sane definitions as disclosed above. The Left input 100 is al so
used as the reference signal. As before, 22 April 2004 WO 01/36918

PCTf USOQl 29837 -W8havea castprampltiplier gipes eostaife sin(ote 980gnal , phase | ocked to
the Left si nput 100 signal. In this case, the Left Input 100 signal is
mxed with itself and its 90 phased-shifted signal in the two Phase
Sensitive Detectors (PSDsY=1!0@” kin 2whel:tdipsii dek-Asinaopl +i er 58. In the
bottom |l ock-in anplifier 60, the Right Input 102 signal is mxed wth the
Left Input 100 signal and its 90 phased-shifted 5 signal in the two Phase
Sensi tive Det ectAgain, (R3DE)a digfal witheAQahd BT esigoutsits, WiRen 4he phRRRRBES: the
shifted PSQEFwCG @ndt@ e .shifted PSDs 106 are differentiatped n the two
Low Noi se Di Pfarent ™ ® 8y fi ers 114. The DC conponents of the signals
are pasded by the Low Pasg=-1BidB & 108 to give the usual lock-in anmplifier
out puts. The mat hematics, which may be executed by any suitable digital or
anal og processi fgicylaipgbe mgnitude. R, ppdths ahase anglé, i, fibm eqedtivosi] 21t Welette:10
above in conjunction with Figure_ 7, though the order in which the
operations occur is di ffét%m.A\/MMBhelew Channel Lock-in techni que of
Figure 7, two high level signals, with very small differences are
subtracted. The low | evel signal is then nultiplied with a high |evel
signal, which

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,



can introduce noise in analog circuits or round off errors in @2ditie?004
circuits. In the Dual Lock-in technique of Figure 9, the high |evel
signals are first multiplied and the resulting signals, which 15 are cl ose
in anplitude, woeisdasn subtracted resulting in an output w tecTiuzee98370i Se.
A lock-in anplifier's use is nost notable with respect to nmeasuring a

| ow-1 evel signal that 1is buried in noise of a nmuch higher anplitude. The

| ock-in anplifier acconplishes this by acting as an extrenely narrow
bandpass filter. The signal and noise isigultiplied by a reference sine and
cosi ne wave, and then passed through a |ow pass filter to renove the
reference frequency. The 20 result of the nultiply/filter operations are DC
signals that represent a conplex vector (x + iy). The phase difference
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conplicating 18 14dk6n BRI TR mREQHoBDR: with respect to measuring a low-level signal that

is buried in noise of a much higher amplitude. The lock-in amplifier accomplishes this by acting

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



The reference frequency can be adjusted accurately by processi AgAPHE24 put
vector from one of the input signals 100, 102. First, the derivative of
the output vector is calculated. This may be acconplished by cal cul ating
t he conpl ex di Wbhaispome between two consecutive output vect orEcT/USHrE837 t he
original output vector is rotated 90 degrees and the dot product of this
vector and the 15 derivative is calculated, resulting in an error signal
150 that is provided to the reference frequency generator 144. The error
signal 150 is negative, positive, or zerqg4-if the reference frequency
needs to be adjusted down, up or unchanged, respectively. The anmount of
reference frequency adjustnent is dependent on the accuracy of the phase
measur enent, but generally, the finer the adjustnent, the better the
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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.



10 measurenment techni ques, specifically, a novel geonmetry of tR2April 2004
capaci tance di spl acenent probe. Nornmally, the displacenent of an object is
nmeasured as a distance nornal to the capacitance displacenent probe. The
di spl acement n¥Q9%H#%8E be nmeasured as a distance tangenti al tPGTf'-ﬁgﬂ’”s-""
capaci tance di spl acenment probe. Referring to Figure 11, this can be
acconplished by placing two plates 130 side by side with a uniformgap 132
bet ween the plates 130 and pl aced near a sensor 15 tube 134 in the plane
tangential to the notion (indicated by the arrow 136) as shown in Figure
11. In one enbodiment, the plates 130 will be at the sane potential and the
sensor tube 134 will be at ground potential. The sensor tube 134 is
positioned directly over the gap 132 between the plates 130 with the
expect ed not i onSuch6 dyeamiail pasioning geayidss ¢ompensation | for npeiwactaingt tverishility] ng
tube 134 wll: I $d : sel y e plate 130 .t han {he
ot her 130, PRASHAR tHebefifinf 48! At WBhéor ulRlatnd % A el el oot
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portion 204. A processor either internal or extérnal to t
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L' O¥\li The gelt gRAUNA oAl CTHe SR RAE §64 Escbogit&Sn&C&H'égt{ly g@e??lhef éa?VYBQ%em}e@lgh}%at ed
y ow sensor porfion 202 to generate an error val'ue. e flow contro
porti on 20mates 130 with the expected motion 136 normal to 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 senﬁor
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



i ncludes a valve that is nmanipulated to adjust the flow rate addAriihiG94%ze
the error. The 10 inplenentation of particular control schenes would be a
routine undertaking for one skilled in the art having the benefit of this
di scl osure, an@otohde}8 t he specifies of such an inpl enent at i ACTAIS0/2988
addressed in detail herein.. The fl ow sensor portion 202, which is
surrounded by an encl osure 205, includes a sensor tube 206 that is bent
into a | oop shape, a drive device 208 and two pick off sensors 210 15
positioned at opposite sides of the sensd6-tube 206 that nmeasure the

di spl acenent of the sides of the sensor tube 206. In existing Coriolis
devi ces, the sensor is typically enclosed in a welded netal housing. The
sensor tube within the housing also has attached to it displacenent or
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In existing Coriolis devices, the sensor is typically enclosed in a welded metal housing.

The sensor tube within the housing also has attached to it displacement or velocity sensors with

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



on the tube's vibration. Optical technol ogies include various KageFil 20
white light interferonetric displacenent techniques, triangulation
techniques, nmultiple internal reflection and beam occultation techniques.
Magneti ¢ di splwoenmis t echnol ogi es include Hall effect, eddyornwsoens? 10
vari abl e reluctance and magnetoresistive techni ques. Capacitive pick off
sensor technology is used in the illustrated enbodi nent because it has the
sensitivity required to neasure the tube displacenent, it is noncontact,
and woul d not be affected by a magneticidcive device. The capacitive pick
of f sensors 210 each include at | east one conductive plate 300, which is
connected to a given voltage potential and situated adjacent the 15 fl ow
sensor tube 206 so as to define a gap there between. The fl ow sensor tube

206 is conngming@ thé Auids MkicAGR ;ﬁé&fsﬁl@i 'I?a's aflb i GEa0E férhﬂé"p&xb g{g% gﬁfzf]b\ffp
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300 and t hqud tomLseRsor tube 206 when the flow sensor tube is vibrated 206.
In the illustrated enbodi ment, the conductive plates conprise first and
second pl ates aBickeff saasqrteehnelogicn map inchnde erjagitive, magnedid, pleﬁn@mtles ardloptidal. | n
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a vacuum |low o Lo ter| I e used, . |1 u ated enbodi nent .
Standard fi ber g?é\pggﬁ lglFl 8&?1%1?&(/3&’5%%%“@ ?ﬁé’é‘F‘i‘tg’Gca“ﬁ"a'tt B#s al
char act er i sl essiiivityl tegeired hatmeatsurbehe\/ﬁbu diyplacsipat, nbisenonmhae, raallouldagdab! e
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out gassi ng B R ERETC Ve dayee- Int Grpaciiivg mgk off sensers ¢1 e ngluds atdeaskonsyar d

| ayer desi gmdubtWeqalzsep&(aﬂ ﬁv}ﬁbhaabadieaemtq a gﬁmblfdgah)bﬁén@a\f ahd ahlaRd Q@‘é@nPtﬂeS
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SCrews sprea aps,to fect near and _ angul ar, novenent of
Pl S haudR plate 386 S’ the how sensor tube 2%6 varies due to the relative motion of the

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 capacitive pick off sensors. Further, the conductive pl at e323p0l 104 he
capacitive pick off sensors include contact pads that allow wires to be
sol dered or wire bonded to a printed circuit board 303 on the front of the
sensor bl ock iwoermomnecti ng the capacitive pick off sensor CZAB0/28XTh a
hermetically seal ed el ectrical connector that interfaces with capacitance
di spl acenent 10 el ectronics outside the sensor enclosure 207. The drive
device 208 drives the tube 206 into a bendi ng node vibration, causing it to

vibrate. In the illustrated enbodi nent, tiig§e drive device 208 consists of a
smal | magnet 304 sol dered on the sensor tube 206 and a snal |
el ectromagnetic coil 306 to alternately push and pull on the nagnet 304.

In the enbodi nent shown in Figure 16, a non-rare earth magnet, and nore 15
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t he capacit Q C 0. drive cifcpit 25
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such that a flow passage’ i's provi ded Trom
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sensor flo W30c ortio 2|nclu es ter
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situate 228 a val ve y 236 i s _connect ed to
She ot o | 5aRlols % et a8 somdie oRA sBgtehiniied. ARG SrTEL RbAB AFEREL has &
spring 242 @mﬂmgnmr: isfréngeh B4%eight @atjo0 Thtthio BRBodkinkht] the n@natakeighshppibxidably End
bl'ocks 224’20225 '?he magnet 304 is positioned at the top, center of the sensor tube 206 so that the

magnetic poles are directed parallel to the tube's preferred displacement direction.
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



situated on either end of the flow control portion 204 with se#PéPpbg004
provi ded between the neter 5 body 222 and end bl ock 224, and between the
val ve body 236 and end bl ock 225. In one enbodinent, the seals 226
conprise el ect M¥®PHEH ni ckel seals. In an exenplary enbodi nEnt/USO/RET
Coriolis mass flow controller 200 is assenbled in the follow ng manner.
The nmeter body 222 and sensor enclosure 207, as well as a base plate 310, a
center post 312 and the sensor tube 206 are assenbled and held in place by
a fixture that 10 di nmensionally ref erencdd -t he sensor tube 206 to the walls
of the sensor enclosure 207. The remaining parts are indexed by press pins
330. These parts are then brazed as a single unit. The magnet 304 is

sol dered onto the sensor tube 206. The sensor block 301 is assenbl ed and

i nstal | ed i Wegin Revalernsieonr 23hendbplunger 284 agsditnafed within the valve ©ail 2Thenp reabre
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el ectrof or rred niln ke kxengpddrg eﬂﬂ&iuniaxyc, the Qesiolls mass dvABsrdiGHED 20005 hisB@Bled By tHee
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0-ring 332 dentet podt 1P etld alie tdnorb@bE 2p6 atecas3dhibladdnd held iﬂn%h&sw 8 falwe itBat
pressedlﬁo over the o-ring seal 332. m | ock Eo n the base plate 310 are

rot at ed IHERs: references, deqetse 1520001, therwalls efathe jsensen pclesuee2Qyn The

el ect r oni csremaMig padPare Mddaa. byTﬁiess@ixﬁ(BBOOIHeﬁéSp&@&r@ﬁaén bﬁz&%‘s‘ééx@@@ﬂm?‘ﬂ& a
user interface c?(gnect 338. The el ectronics Br essed into
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esign that provid sever al

nmass flowﬁ{g éqg §1§ 200 has a nodul ar
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encl osure 205 and base EI ate 310) and at the top 22 April 2004 WO 01 &5«)18

PCT/ US00/ 2989702 20d heymgtically seqlet eonperter 32890 loaar weskded i erayjsiser ledhnidghs seal. e
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connected to a user interface board 340 internal Mass
e-beam welded into place, providing a vacuum tight envxronment
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



controll er 200, which is also connected, to the sense and cont 2glApril 2004

el ectronics. The electronics cap 336 and user interface board 340 together
define the interface to the user's electronics. This 5 allows_the
flexibility to"OIHP¥Hure the interface according to the userfS S8 enent s
wi thout the need to design different sense and control electronics and
encl osure for each user configuration. A variant of the user interface

cap, for exanple, will have seals and electrical conduit to provide a
device that is | P-65/NEMA 4X conpliant. ‘@“exarrpl e of such a device 400 is
shown in Figure 18. In conparison, the enbodinent illustrated in Figures

14- 16 includes a connector 10 342 coupled to the user interface board 340.
As shown in Figure 18, an electronics cap 337 is extended to provide space
for the addiowiuserdnterfesgsandatisen thqwppes¢nd @ffthaerp&xsuneéaﬁ and cipyionica tapc3s). The
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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

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



the case of a normally open, solenoid type valve, the force agg\?ﬁgf'l %%1 set
I's generated by the solenoid action and is balanced so that the spring
lifts the seat fromthe orifice when the nagnetic field is renoved. The
seat material weayieisel astoneric, plastic, or a ductile net ®CI/US00/29837
usually preferable to have elastic deformation over plastic deformation so
that the 5 seal is repeatable. Alternatively, hard materials nay be used
for the seat and | and, but fabricated to very tight tol erances including
hi ghly matched surfaces between the seat2adnd 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 plunger is not linear with

di spl acenent. In the case of a nornmally open valve, the nornmal position of
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Apri 2¥Pb tween tg:eads 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



PCTI US00129837 -22 may be enpl oyed that includes a plurality of2Aprl2004
pi ezoel ectric tube portions. The piezoelectric tube portions are
controlled in a manner to cause different tube portions to constrict or
expand, thus WPIRS#®Hy the fluid flow to be controlled as dd§TER%2%He
particul ar enmbodi ments di scl osed above are illustrative only, as the
invention may be 5 nodified and practiced in different but equival ent
manners apparent to those skilled in the art having the benefit of the

t eachi ngs herein. Furthernore, no limtat¥ons are intended to the details
of construction or design herein shown, other than as described in the
clains below It is therefore evident that the particul ar enbodi nents

di scl osed above nay be altered or nodified and all such variations are
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respectivel

the fi r%%'/ &ﬁﬁprgtﬁeteﬂwoe%\ﬁmr@ww sph fotth in the elaimshslo. ow sensor tube is
vibrated. 2. The capacitive pick off sensor of claim1, wherein the flow
sensor tube is 15 coupled to ground potential. 3. The capacitive pick off
sensor of claim1, wherein the first and second plates are in a plane
tangential to the notion of the vibrating flow sensor tube. 4. The
capacitive pick off sensor of claiml, wherein the first and second




pl ates are positioned side by side so as to define a uniform gap

t herebetween. 20 5. The capacitive pick off sensor of claim4, ﬂgergggt
first and second plates are at the sanme potential and the f1 S

is at ground potential. 6. The capacitive pick off sensor of claimb5,
wherein the first and second plates are generally rectangular and the
ext ends gener@LA¥MSarallel to the flow sensor tube. 25 7. The capaciti
pi ck off sensor of claim5, wherein the first and second plates are
generally triangullr andl tdpacitiep peckt effidsnsbrafyonalrhass riddvatmeRuiementh defitcow
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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
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;

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

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. '

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

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.

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.
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