FLU D FLOW MEASURI NG AND PROPORTI ONAL FLUI D FLOW CONTROL DEVICE Thi s
application:is related to U. S. Patent No. 6,348,098 and Provi sional
Application:Serial. No. 60/097,053 filed July 19, 2002 and entitled "Liquid
Fl ow Controll er and Precision Dispense Apparatus and System and cl ai ns
priority of Provi si onal Application Serial No. 60/397,162 filed July 19,
2002 and entitled "Fluid Fl ow I\/basurl ng And Proportl onal Fl UI d Fl ow
Control De¥LeE) FLOWeMEASITING H B3 i TROE PR VERCE
reference. BACKGROUND OF THE INVE O\I The resen nvent i es to t he
field of flow ‘RédsaPRMEAIGhdSg& FF‘éaF‘Py tthe "G5R wﬁ Gogr*év\}g%

aggressi veandil bi b, ENE4A &&P%ﬁ%ﬂ mfasesroyw@bhyfgﬁ@@ shly

seni conduct of Manu acturl n e present invention allows for the

det erm natimn ‘pbom Ehdi dnﬁaltcmdrai,;eqlhaisem(ﬂm cotitk-bEreentdnal Hreedsiwre caused
by a flow restriction. The pressure-signals are processed by a DSP based
el ect r oni cDigpiemeai tﬁpm_tm’tulsf i sl bySyatamtr opEscesdntts amFieshiniehted to

the end-user viag a raphi cal er face t splay. The
di fferent |%‘I‘°"p‘rsé§§ﬁf A@@f\’&“&Fg‘? ‘?lﬁtﬂlyt%mtﬁozgsg 1%\%\& rflfg‘&?g ‘?ﬁiev df%n’enm ons of
the flow rasfd iGld QRrAPTPREIS &1onCRERLuSRY hh@SropBE RN FSufd essure
nmeasurenent in the restriction region in order to generate a | arge

di f ferent iElow pcesttyie. bdtics” maxhai zEgcpoesser eodli Whrtential henebeases the
sensitivity and accuracy of the final flow rate neasurenment. Al so, the
di mensi onsingforppegked kvt Fef@ PRy ons reduce the 1 |

BACRGROUND OF THE INVENTION

The present invention relates to the field of flow
t_ﬁe_asurement and specifically the =sensing of flow in
aggressgive, ultra-pure chemicals such as those typically used
in semiconductor manufacturing. The present invention allows
for the determination of a fluid flow. rate based on
differential pressure caused by a flow restriction. The
pressure signals are processed by a DSP based electronic
circuit, quantified by a microprQCéSSor, and communicaﬁed to
the end-user via a PC based graphical user interface or other
display. The differential pressure sensor is highly accurate_
owing to the dimensions of the flow restriction and pressure
sensor cavities, aﬁd permits -pressure measurement in the

" restriction region in order to generate a large differential
pressure. This maximized pressure differential increases the
sensitivity and accuracy of the final flow rate measurement.

Also, the dimensions of these critical regions reduce the
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overal|l pressure |loss due to the neasurenent, a further enhancenent over
exi sting designs and of substantial benefit when neasuring aggressive,

hi gh-purity fluids at relatively low flow rates. During the manufacture of
sem conductors, many different fluids nust be precisely and accurately

di spensed and deposited on the substrate being treated, such as deionized
wat er, photoresist, spin on dielectrics, polyimdes, devel oper and

chemi cal neekeriTrl prebéshi NYoddMBheSIty I ikas, r&e%sﬂ?éﬁ?‘en%,f ew. sEehegxanpl e,
in conventional apparatus for such applications, wafers to be processed

are positi ofebatransath oges uetidiliogndeziens that drhenbdispeniebenefit

pr edet er m neg amount of liquid or slurr to coat_ or treat the wafer. The
pr edet er mi nEAANBEATH Y AERFEE Y SN }Htﬂ%bpé’ihqlésfl‘{lﬁﬁi w§ dredmbdzedy and
other charaghefigt i.66.0f the fluid contai nment environnent, not on the
absol ute anpbunt or nmass of fluid deposited on the wafer. Typically the

wafer is.-then rahatiagd the dhaPghsutdetenasicbiGhctbirUi fhRY elfteR¥s the
entire surface of the wafer. It is readily apparent that the rate of
di spensi ng &Hildshaughomtrretisdlygend aicspehsd dasperceilt kodl ddpost héd

process. Wen fluid flow s stopped through the nozzle, such as between
waf er treat‘rg}rgntté],‘eJ tﬁ%b%(??]é‘?lti% g‘gxit&e%t?%r arohl 8fs dronirefli ¥aEeHm t he

nozzl e to fgHdecaRdifal | sPiH 0ot hgi RS ricgos%gg}\g?ﬁ%egel QUL e er}:ozgéae. Thi s
can destroy the pattern  being formed on th er, frequirrng that the
waf er be ditsgecdedmechardpabepsiiathingn (OREE! s110:xra¥8] did hgarfor yaEipn of
del eterious_droplets on the nozzle, external suckback or
; or example, in conventional apparatus for such applications,
wafers to be processed are positioned beneath a suitable nozzle
that then dispenses a predetermined amount of liqguid or slurry
to coat or treat the wafer. The predetermined amount is
premised on 'pump cycies, tubing diameters and other
characteristics of the fluid containment environment, not on
the absolute amount or mass of fluid deposited on the wafer.
Typically the wafer is then rotated to disperse the deposited
liquid evenly over the entire surface of the wafer. It is
readily apparent that the rate of dispensing and the amount of
liguid dispensed are critical in this process.
When fluid flow is stopped through the nozzle, such as
between wafer treatments, the potential exists for droplets of
‘liquid from the nozzle to form and fall onto the wafer
positioned below tﬁe nozzle. This can destroy the pattern
being formed on the wafer, requiring that the wafer be

discarded or reprocessed. In order to avoid the formation of

deleterious droplets on the nozzle, external suckback or




2 stop/suckback val ves are commonly used. The latter such valves are
typically a dual pneumatically controlled valve pair( with one valve
stopping the flow of liquid to the nozzle, and the other draw ng the
liquid back fromthe dispense end or outlet port of the nozzle. This not
only hel ps prevent droplet formation and dripping at the port, but also
hel ps prevent drying of the exposed surface of the liquid, which can | ead

to clogging of the nozzle, and reduces flyid contamn nat| be outlet.
The coat i rifoBf SYAPEEr VRFESsFe. e Ouﬁﬁgl n 'I%‘leaFrLrae S ashgﬂl ‘Fatalr‘%er) is al so

probl ematig. @ﬁ):t.églggljgnﬁﬁai SSHERa@Ida38y ddifrofi Pbdtv0Ral pspgediah the wafer
a

i's convention y us to spread the coating fluid fromthe center of the
waf er whergel baise s4uYdiad, thadind proltwaidl to tthet nezetye ao¢ tthe waf er .
However, this approach creates turbulent air flow over  the éi\%‘er and can

result in amhevedraringorbei Laarhcc back nkron REGUELTRESRe °8Pi ¢ LPEES with

| arger wafers reduces the turbulence at t syr e, Qfedineaafigk, but can
i ntroduce A&l PobH¥s %1% t hé Sedﬁ%e-doplgﬁeglgﬁsghgrglﬁd n%g\?es across the

waf er noreshowy, anf BRHSingP=eadhag dobe, f but datsot heipmf prewesige before

the fluid begins to setup or "dry becomes an i'ssue. Punps conventionally
have been distflgteF dilsperpesdd quirfiscd of Skei Comddet rigkasar akead iRy

xpensi v cnaaHE i £her PBREEt PpTALERENEL Hib CPBCRCEELTY nddF It
t herefore 0\/\\1/%%9_ be desirable to provide a valve system ,

The coating of larger wafers (e.g., 300 mm in diameter and
larger) is also problematic, as turbulence issues arise. The
rotational speed of the wafer is conventionally used to spread
the coating fluid from the center of the wafer where it is
applied, ra‘dially; outwardly to the edge of the wafer. However,
fhis approach creates turbulent air flow over the wafer and can
‘result in uneven or nonuniform coatings. .Reducing the spin
speed with larger wafers reduc_eé the turbulence at the surface
of the wafer, but can introduce new problems. With the reduced
speed, the fluid moves across the wafer more slowly, and thus
spreading £he fluid to the wafer edge before the fluid begins
to setup or dry becomes an issue.

Pumps conventionally have been used to dispense liquids in
semiconductor manufacturing operations. However, the pumps
suitable for such applications are expensive and require
frequent replacement due to excessive wear.

It therefore would be desirable to provide a valve system

that results in precise, reproducible dispensing of fluid
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that results in precise, reproducible dispensing of fluid 3 wthout the
foregoi ng di sadvant ages. Such a val ve system should not be affected by
changes in fluid tenperature or effects of upstreamfluid pressure. In
addition, the present invention has broader applications to any fluid
control device, especially where precise control of fluid flowis desired
or required. SUMVARY OF THE | NVENTI ON The problens of the prior art have
been overc t ' [ i ch i des | u ow
measuri ng grgghp%tr ogg?t%%?%qdu%l%hggvﬁ%a&%gfol gg%{c%_ ﬁ%gted;g\#g%}ncontrol S
fluid fl owstsulg) aopr eordifented) ¥l CRahded esPOXIRId Ot8mpdiessdlr orl 0ss
measured in a flowrestriction elenment. Pressure is sensed at or near the
inl et and. edfedis mbarupsheedut flaidopredrurer esfipi edditdonl obhe|migsant and t he
resulting pressure dro t her ebetween. is converted.to a flow rate of the
fluid bei njnv%%ﬂto?’oﬂ? gx 8" prHe: %ﬁ?iémd‘lsogocw w3 nFIHGat 1SPGFe

conti NUOUS leY¥pdmini1hQr %ﬁer@-nEIéHl%eoEomrtﬁ A % AodubAt B ddi @Rt aEN the
desired flow rate. The control systemhas applicability to fluids having a
wi de rangerefuMiesicosities, it being capable of accurately and repeatably
di spensing such fluids with mninmal operator involvenent. It offers
accurate and repeatable performance in a cost-effective and flexible

manner,, respondi ng qui ckly t O -otEj ol ariations. In a preferred
enbodi ment, the design of the=p c'sMnt al l ows recovery of
nmost of the preamsUpRobb&Es e the bREor art have been overcome by the

present invention, which provides a fluid flow measuring and
proportional fluid flow control device. The device controls
fluid flow wusing a proportioning valve in response to a
pressure loss measured in a flow restriction element. Pressure
is sensed at or near the inlet ﬁnd.at or near the outlet of the
restrictive flow element, and the resulting pressure drop
therebetween is converted to a flowlrate of the fluid being
controlled. The pressure drop can be continually or
continuously monitored, and one -oz- more valves modulated to
obtain the desired flow rate. The control system has
applicability to fluids having a wide rénge of viscosities, it
being capable of accurately and repeatably dispensing such
fluids with minimal operator involvement. It offers accurate
and repeatable performance in a cost-effective and flexible
mannexr, responding quickly to real-time process variations. In
a preferred embodiment, the design of the pressure drop element
allows recovery of most of the pressure loss due .to the

restrictive element.




restrictive elenment. 4 Another enbodi nent of the present invention can
include a proportional flow valve having a fluid inlet and a fluid

outlet; an actuator for said proportional flow valve for nodulating said
proportional flow valve; a restrictive flow elenent having a restrictive
flow.element fluid inlet and a restrictive flow elenent fluid outlet in
fluid conmunication wth said fluid inlet of said proportional flow valve,

said restrictive flow elenent creating a pressure.drop b id
festrictive f1 OEPBREMEOITIRE 41l &P AP 85t FRETTOR" ao“w%g?‘g@reeﬁﬁa f1uid
outlet: an YRSLIGAMLPI 38Y" Ga360SAhyidl 1QWNGLERATNIBE SRl & selent ; and a
" control | eP* TR Conmuni cation W th sal upstream pressure sensor and said
downst r eanp,RPER]SUN §n SENRSQEtor THEr Ceatidolgreposaivnhilr tflew corpei sécne or

nore processors; one or nore conputer readable nenories; and set of
conputer meddatiesi meiduerppersionat eflom Falteiorfe B?SWFE”E%ngh?"ér

readabl e nenori es and executabl e hy said one or . 1 PE SQY$-a The set
of conput efal‘i’rﬁeé’éfamaé"legnac&ﬁﬁﬁ”scé:l\/'?an%g?‘ﬂc??%mneéltggggﬁ a[rL) eto receive an

upstream pf s rcgﬁ%g@%‘& oI &RELV & 181 dovpsidiean H1e38Ukemmirgratiomnd
calculate a ul | ow rate based on said upstream pressure signal and
sai'd downgiteasa il esnlike isilghabf ¥Yeid apotgvetiemiodflventvadvet heait esent

invention can include A device conprising a set of co%ter readabl e
instructi onesttistére oflayhelepeto @ cabislte PrRESHSD ISECHeNDCEE Ak

execut abl erg trs';l,%itgvgn 'lco)rw e re%e {O(f%.lsus.gr %’nlé@i Clmﬁetré:gtJ::i.ct:innre flow
element fluid outlet; an upstream pressure sensor; a downstream
bressure sensor; and a controller in communication with said
upstream pressure sensor and said downstream pressure Sensor.
The controller can further comprise one or more processors; one
or more computer readable memories; and a set of computer
'readable instructions stored on said one or more computer
readable memories and executable by said one or more
pProcessors. The set of computer readable can comprise
instructions executable to receive an upstream pressure signal;
receive a downstream pressure signal; and calculate a fluid
flow rate based on said upstream pressure signal and said
downstream pressure signal.

Yet another -embodiment of the present invention can
.include A device comprising a set of computer readable
instructions stored on one or more cdmpﬁter readable memories
and executable by said one or more processors, said set of
computer  readable  instructions  comprising  instructions

" executable to calculate a fluid flow and calculate an overall
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conput er readable instructions conprising instructions executable to
calculate a fluid flow and cal cul ate an overall 5 change in valve out put
based on fuzzy | ogic. Yet another enbodi nent of the present invention can

i nclude a device conprising a set of conputer readable instructions stored
on one or nore conputer readable nenories and executable by said one or
nore processors, said set of conputer readable instructions, conprising
instructions executable to: calculate a fluid flow rate and cal cul ate an
overal | clrhaggeiim valve optpputbasad e dH2F022§1%0gi c. The overall change in

val ve output can be cal cul at.ed,.by conparing, I QhywhfRe ford | I8h set of
menber shi p f unt®¥ o8t rgeﬁlgl?%c{lé‘;égg Wfsfﬁgetpr%geﬁzz?vi nputs; conparing a

change i nfu'c?ﬁ"dr% ate tQefce s%gaggissﬁb of nesberghi podgwteti onsadadblgenerate a
second set 0O uzzy 1 nputs, erein each fuzzy input fromthe first set of
fuzzy inpumnstanastiche seaend onekonef ok umgye | syppntel stepsabee AREWPIIFEt h an

i nput degree of truth; applying a set of rules to the first §etoffof fuzzy

i nput s andindhexsssbrdesdy cRIALLPPG [ HpdtTet FTOGRIIFEL e S8 %ef°6f fuzzy

out puts, wherejn each fuzzy o i ssogiat-ed; W t h 3R+ eidkidnsdegr ee of
truth; asﬁ?B‘P‘&k?ﬂg erféﬂég]fguzzﬁkgg%%éutﬁo\?\?t h ‘gdr%i stfIgt e clhange in val ve
out put valde-,AWhe 0R):CWatingd he smgkaldloehaate amd vablmilegep@r based on

the output degree of truth of one or nore of the fuzzy outputs and the
discrete chvergkli chaafeseimutrplve valipuas daesht 68 HUERY edOFCof e one or
vent aeeYovotall Shanga 25 vaive® odeput Scdl S bR BY BoAMAR"
- an error to a first set of membership functions to generate a
first set of fuzzy inputs; comparing a change in flow rate to a
second set of membership functions to generate a second set‘of
fﬁzzy inputs, wherein each fuzzy input from the first set'of
‘fuzzy inputs and the second set of fuzzy inputs is associated
with an input degree of truth; applying a set of rules to the
| first set of fuzzy inputs and the second set of fuzzy inputs to
generate a set of fuzzy outputs, wherein each fuzzy output is
associated with an output degree of truth; associating each
fuzzy oﬁtput with a discrete change in valve output value; and
calculating the overall change in valve output based on the
ouvtput degree of truth of one or more of the fuzzy outputs and
the discrete change in valve output value associated with each
of the one or more fuzzy outputs.
Embodiments of therpresent'invention provide an advantage
over prior art PID controllers,'because it can provide greater
stability.

Exmbodiments of the present invention provide an advantage
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over prior art PID controllers, because it can provide greater stability.
Enbodi nents of the present invention provide an advantage 6 over prior art
PID controll ers, because it can be used over a greater set of operating
conditions because the fuzzy logic can be programmed to account for
changes in operating environment. BRI EF DESCRI PTI ON OF THE DRAW NGS Fi gure
1 is a perspective view of a housing including the restrictive flow

el enent and Ko orti on%l g\@l ve jn ccor%&mce with an.enbodinent of the
ur

present inventi 8T Fi FEL Ot EHT A SFU8E concERt Fic Went Or” in

accordance yWdaRepNsMBedifmAinl LHR11REESE HechieHhbORzEY AWEEc3cdnS @

cross-sectional view of the concentric venturi of Figure 1; Figure 4 is
di agr am of l=n pecgemneiictd leatouhtarmoel chantesr in dperacbar éamteommenh. anot her
enbodi nent of the present invention; Figure 5 is an exploded view of a
proportional valve in accordance with an enbodi ment of the present

invention; Figure 6 is agPgksPRethMSbi gt \kye of Figure 5; Figure
7 is a cross-sectional \ _ the valve of Figure
5, Figure 7A | Sreqic03SisestpdinpbceNarged y¥f ewmiusanpoiidlaingftilche poppet
of Figure 7; Figure 8 is a side view of a nodified poppet in accordance

wi th anot heresgmbodiveefioef elémentr esdnrppyicheh; vEvurie: Rdcordardede vi ew
of & modi 8 POPReY b et COEIAN S resent invention;

Figure 2 is a diagram of a ‘concentric venturi in
accordance with an embodiment of the present invention;

Figure 3 is a cross-sectional view of the concentric
venturi of Figure 1;

Figure 4 is diagram of an eccentric flat channel venturi
in accordance with another embodiment of the present invention;:

Figure 5 is an exploded view of a proportional valve in
accordance with an embodiment of the present invention;

Figure 6 is a perspective view of the wvalve of Figure 5;

Figure 7 is a cross-sectional view of a modified poppet
for the valve of Figure 5;

Figure 7A is a cross-—sectional enlarged view of a portion
of th_e.poppet of Figure 7;

Figure 8 is a side view of a modified poppet in accordance
with another embodiment of the present invention;

Figure 9 is a side view of a modified poppet in accordance
with stil.l another embodiment of the present invention;

Figure 10 is a side view of a modified poppet in

accordance with yet another embodiment of the present




with still another enbodi nent of the present invention; Figure 10" is a
side view of a nodified poppet in accordance with yet another enbodi nent
of the present 7 invention; Figure 11 is a graph of heat exchanger tube
inlet and outlet water tenperature and neasured flow rate in accordance
with Exanple 7; Figure 12 is a graph of heat exchanger tube inlet and
outlet water tenperature and neasured flowrate in accordance wth Exanple
8; Figure %%wjﬁtﬁnpicture of an enbodi nent of the present invention
illustrating Frow Festriction el enent, proportioning valve, and

el ectroni cs systeqirerigures 14 ysaph daPHe dl@wnsét eruey s ki Ml N
accordance with Exanple 10; Figure 15 is a graph of flow rate versus
pressure drgpleh walcogordapestwireh abdanphairéd; fEoguratel Gn sicaogtaaygle of fl ow
rate versus ,26P/p in accordance with Exanple 11; Figure 17 is a graph of
the coeffi &Rt ™8 &Us  kinematic viscosity in accordance with Exanpl e

1L Figure 18 188,00 aph &f 2 Koyl siis SIPELAkULSe Mol CORGANGRQW L

Exanple 11; Figure 19 1's a gra Oow rate versus pressure drop in
accor dance oot18t Exaigp eecdderdtiugdr andOnéssuaelil gvowhadtde Gh taBeofdmceol system
'n with Example 8;

Figure 13 is a pdcture.of an embodiment of the present
invention illustrating flow restriction element, proportioning
valve, and electronics system;

Figure 14 is a graph of flow &rate versus time in
accordance with Example 10;

Figure 15 is a graph of flow rate versus pressure drop in
accordance with Example 11;

Figure 16 is a graph of flow rate versus ZAP/p in
accordance with Example 11;

Figure 17 is a graph of the coefficient €’ versus
kinematic viscosity in accordance with Example 11;

Figure 18 1is a graph of “K’ versus temperature in
accordance with Example 11;

Figure 19-is a graph of flow rate versus pressure drop in
accordance with Example 11;

Figure 20 is a flow chart of the control system in
accordance with the present invention;

Figure 21 is a block-diagram of the signal processing and
control section of the electronics system in accordance with

the present invention;




accordance with the present invention; Figure 21 is a block diagramof the
signal processing and control section of the electronics systemin
accordance with the present invention; 8 Figure 22 is a description of the
theory relating fluid flowin a venturi to pressure drop, cross sectional
area, and fluid properties; and Figures 23A and 23B il lustrate enbodi nents
of menbership functions that can be used in calculating an overall change
in valve output. DETAILED DESCRI PTI ON OF THE PRESENT INVENH#%;QPrning
first to Fi gurBigure R&r ési @ sheRRiRTENT P dhe| ShromedSartiY and™
proportional fluid flow control devic semhl ed .} S| 5 dnd
accordancégﬁWtﬁnaapY%R%y?e&oeﬁﬁﬁﬁiﬁ%n r%i fﬁ%sgpﬁgggﬁﬁggnégﬁ?igt. A fluid
contr ol dqﬁ5§31§gggrg§a@ shapper notor actuated proportional valve 10 is
shown having a fluid inlet line 12 and a fluid outlet line 13 for ultimte
di spensing of Fheudeisquisd toda2pbi Hitlustralge, emhedimentsa ofs GEEPPEIEPwhi ch can
be a wafer (not shomn%. In fluid conmmynicatjon with tgﬁ Lﬁgi%ag_let l'ine
12 is a r éanebens dhaf| 63p dremERt 5. CcoprBlaltdld ¢t REFest Fittive 11 ow

el ement 15 is g.v%@turi as discussed in greater detail below A first
pressure §?%¥%r1§£ such as a pressure transducer is positioned at or near
the inlet of the restrictive flow elenent 15 to sense a first pressure,

and a second pressure sensor 25 such as a pressure transducer is
positioned at or rpEIAILHR RRACREPTION OF THE PRESENT INVENTION

Turning first to Figure 1, there is shown the fluid flow

measuring and proportional fluid flow control device assembled
in housing 5 in accordance with a preferred embodiment of the
present invention. A fluid control device such as a stepper
motor actuated proportional valve 10 is shown having a fluid
inlet 1line 12 and a fluid outlet line 13 for ultimate
dispensing of the liguid to a point of use, such as a
substrate which can be a wafer ({(not shown}. In fluid
communication with the fluid inlet line 12 is a restrictive
flow element 15. Preferably the restrictive flow element 15 is
a venturi as discussed in greater detail below. A first
. pressure sensor 24 such as a pressure transduc'er is positioned
at or near the inlet of the restrictive flow element 15 to
sense a first pressure, and a second pressure Sensor 25 such
as a pressure transducer is positioned at or near the ocutlet
of the restrictive flow element 15 to sense a second pressure.
Alternatively, a single differential pressure sensing device
‘could be used. The portion of the pressure sensor(s) that

contact the f£fluid is preferably made of an inert material
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of the restrictive flow elenent 15 to sense a second pressure.
Alternatively, a single differential pressure sensing device could be
used. The portion of the pressure sensor(s) that contact the fluid is
preferably made of an inert material 9 (with respect to the fluid used in
t he application) such as sapphire. Two pressures are neasured of a fluid
stream the first is a neasurenent of the fluid pressure of the fluid

inline, just grior to an induced pressure drop in_the flow sgnsor, and the
second pr e§&tine rrEBgE chenthg Fludensed imethb)ARRIIGREIMR MGGCES pressure

drop. 1n (NS REEIerLed SMhadLIBIl, G RLESSNTE 40P ! S dddycedeby a

reduced crio%® I'on e urd Tine. "ThI's sudden reduced cross section
causes theihbkbi dovel OfbdsureRehfIChLatRe | B1uIM Spoatduren oft hereiuideduci ng
the fluid pressure. The inlet and outlet of the reduced cross section is
careful | y igddsngneduso peitno recoveinduchd paeasitd cdyspesdurtdel ddoWof the

i nduced pressure dro and a nmmjori txf/eUOf t he pressur its t‘lzneecovered as

ro
the flui d‘-’ieinﬁerri%n‘égt%’%d%coéﬁd DERESYIS,i AR EETTY T%C Pg.a TS design is
commonl y r%f:.Lg{:reglit Q@S %a(ylf,gé Urbréééﬁ%@ Sop .ONY 25 the Speofd-repr essure
aken

measur eneft 1S t I'mredi atel y"at the point of constriction, in the

t hroat of dubegdeatitce. chEhigrewilite adtapw isf Qindubed MBxi auRediess uness
differential signal to be.generated. her enbodi nents of the system could
i nvoke a megtiomelnirdie fmEdulinethe Thie @rddenngednsaty HPET | 8FETQcapi | | ary,

2SS S oS B S e e R e Sl ve (o

.‘ reducing the fluid pressure., The inlet and outlet of the
reduced cross section is carefully designed so as to recover

the parasitic pressure loss of the induced pressure drop, and

a majority of the pressure drop is recovered as the fluid line

- is expanded and the fluid ﬁelocity recovers. This design is
commonly referred to as a venturi style, as long as the second
pressure measurement is taken immediately at the point of
constriétion, in the throat of the device. This will allow

for the maximum pressure differential signal to be generated.

Other embodiments of the system could invoke a pressure drop

through the use of a métering orifice, a capillafy, a series

of parallel capillaries, or porous media. Such restrictive

flow elements should be chemically inert to the fluid and can

be made of Teflon®, PFA, MFA, FEP, PVDF, and ultrahigh
molecular weight polyethylene. The pressure sensors in the
preéent embodiment include sapphire diaphragms, thin-film
piezoresistive pressure sensors available from Tenzor LLC

(Basking Ridge, New Jersey) and SST diaphragm pressure sensors
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be made of Teflon(r), PFA, MA, FEP, PVDF, and ultrahigh nolecular weight
pol yet hyl ene. The pressure sensors in the present enbodi nent include
sapphire di aphragnms, thin-film piezoresistive pressure sensors avail abl e
from Tenzor LLC (Basking Ridge, New Jersey) and SST di aphragm pressure
sensors 10 avail able from Lucas Novasensor (Frenont, CA) as p/n NPI-I|9A-
701GH with a protecti ve barrier to ensure chem cal corrpati bility with the
fluids used E"f‘a nuf acture of sem cgnductor chip her _enbodi nent s

coul d use cae‘f% TR FEES P’ﬂY"T‘ﬁeﬂSPi‘n ¥ ’F"?ﬁoﬁtez%bs‘i‘%tl?\f’el“ﬁ?e%%re
sensors W t4ys@y prﬁ@gtl ye vafé@l{iveor ﬁjc{:jrfl%e”tt' aI éysgé%ur ensgisors of

many forns. A proportional ve actuator actuates the valve 10. An

el ectroni c dogedih6lisy matth edhen F1OH8E NGisedasishens. ehgfd@sizd asml 3 -
illustrate one enmbodi ment of the restrictive flow elenment 15 in accordance
with the pr%%féﬁpnd%MWWS Th@tb%n@modwehé% eedlidyjugei wesamiq |orand a

fluid outls%_tll}:lz f the ltl,l The, fluid inlet Jl't
communi cat i on l?l %tplseezcotrlegﬁs VP PGPS HERRPT A ‘RJF dhst ant
Cross- SeCt'ﬁH&te@Bﬁv@'B§£riéy ebrs@Effé%bnt%;iApkgﬁéﬂﬂéaEﬁﬁsaisabf'ﬁéﬁ
convergent section 111E that tapers to a snaller cross-section as shown.

The first coawergert pﬂgrdxtmmaﬁijsﬁlrve apthatoxd Tornanmimkeas i oe Wrdhvea Second

convergent _ secti 8‘%‘ 111C of even'smaller cross-section, which in turnis in
fluid commifi-cab® %ttrl‘?nf‘ﬁebocal’f@o%ﬁ i HOBRtEahd nyBRNSIIE, 5425 SHO¥R- di ver gent

section 115 tapg L1‘ro fth@i éhrg)at ]é%c&gtn 1one SQuk Qa:lmenE exPar%:q]s t owar ds
2

f|UId out | et sec on 1 whlch
restrictive £flow element 15 in accordance with the present

invention. The element 15 has a f£luid inlet 111 and alfluid
outlet 112 spaced from the inlet 111. The fluid inlet 111 is
in communication with a first inlet section 111&A of
substantially constant cross—section. The first inlet section
1112 terminates at a first convergent section 111B that tapers
to a smaller cross-section as shown. The first cénvergent
section 111B is in fluid communication with a second convergent
section 111C of even smaller cross-section, which in turn is in
fluid communication with the throat 114 of the venturi. A
first divergent section 115 tapers from the throat section 114
so that it expands towards fluid outlet section 122 which is of
substantially constant cross-saction and communicates with
outlet 112. A-first pressure sensor cavity 117 housing a first
pressure sensor 24 (Figure 3) is in fluid communication with a
first pressure sensor tap 119 communicating with first inlet
section 111A, upstream of the venturi constriction. A second

pressure sensor cavity 120 housing second pressure sensor 25
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substantially constant cross-section and comruni cates with outlet 112. A
first pressure sensor cavity 117 housing a first pressure sensor 24
(Figure 3) is in fluid commnication with a first pressure sensor tap 119
comrunicating with first inlet section illA upstreamof the ventur
constriction. A second pressure sensor cavity 120 housi ng second pressure
sensor 25 11 (Figure 3) is in fluid comrunication with second pressure
sensor tap ni g H?ﬂ;. i O 4, 8%%“‘ of the
constrlctlon % ggggﬁreﬁgapg ﬁﬁ%%9|%ﬁ 51%?22% g%%&rgﬁa om 0. to 1

i nch and haeasdi-anmgbgr Slﬂﬁngtbdic@lunidfeﬁﬂh@- O%itR Othrdapchesctimach Ju4aessure
sensor is retained in its respective cavity by retainers 126 and is seal ed
with 0- ri rﬁg’ynwﬁea@ref ethd| gonstheidiiamet eerSSturlre ¥epor hevoskengddsi on 114

is 0.7 or of the major dj ter 111A re 4 i lluystrates .an

al ternati vé-' %‘bSﬁ’PnﬁWﬁgeofforf’ﬁeb adgeé:torl LetPg aé’Feﬁé‘?ﬁeLéfﬁ YHEFEN t he
element | s 38y §EAENES | ¢ d liabnahanigln gp&&gdm ELHigl i5nl ebedidla isg in fluid
comuni cation with convergent 1 nlet section , Which narrows suddenly

" to convergdmt irebpéciseet ieridd Yy shtaiterd 6 taygeriedsaaldd wihd ©enver gent
inlet section 111B' is in fluid communication with the venturi throat
114", whi cAipagnlgl ver%erm}i%ll@am@térv@f dert moueY ErosecteYiior1s’ t hat

ultimately 1heaches, flujd ou t 112 fl{StlﬁE ssure sensor cavity 117
housing a fifst®presSr %%ﬁ & RO KOS9 fluid communication with

a first pr essurﬁigi&%soli 3Pyt dtes CAAMENIeRhA NG M diboa@RMAT 06RT thal et
section 111A', upstream of

restrlctlve flow element 15, wherein the element is an

eccentric flat channel wenturi. Fluid inlet 111° is in £fluid

communication with convergent inlet section 111A', which

narrows suddenly to convergent inlet section 111B" due to the

tapered wall. The convergent inlet section 111B’ is in fluid
communication with the venturi throat 1147, which then diverges

outwardly in divergent outlet section 115’ that ultimately
reaches fluid outlet 1127. A first pressure sensor cavity 1177

housing a first pressure sensor (not shown) dis in fluid
communication with a first pressure sensor tap 115f

communicating with convergent inlet section 111Af, upstream of

the venturi constriction. A second pressure sensor cavity 1207

housing second pressure sénsor {not shown) is in fluidr
communication with second preséure sensor tap 121’

communicating with throat section 1147, downstream of the
constriction. Each pressuré sensor is retained in its
respective cavity by retainers :nd is sealed with O-rings.

Fluid enters the device through the fluid inlet 12. Fluid
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the venturi constriction. A second pressure sensor cavity 120" housing
second pressure:sensor (not shown) is in fluid conmunication with second
pressure sensor tap 121' comunicating with throat section 114",
downstream of the constriction. Each pressure sensor is retained inits
respective cavity by retainers ;,rid is sealed with O-rings. Fluid enters
the device through the fluid inlet 12. Fluid 12 passes fromthe fluid

inlet 12 i e W, kestd i clhi I n 5 re.l hrough a
rat sect Pon v oh hodust croes ohaF ora Brar: [ Shes PRgEE ey D
fluid in themesectiborvieket he fladwesesihroahhon | & yeassd@dohy whifdhr st

pressure sensor 24 in fluid comuni cation through a pressure tap 119 with
the first seeeibiensg fhehdlokbopiiafdde. of Thiegwressurke afd the tHaifl dind enters

a first conyergent, secti 11 and then.a second convergent section 111C
Chat | nor 3008 CRECTTUIY WEI GuPty - SHF dadPRacts PR TFreddure E The 11 uid.
Fluid enterssthe tAmat 244:0f r1 G dRyhGR: WOELS Ftﬂ@o@&l?s§uﬁfe£uﬂehe_ fluid
is neasured by a second pressure sensor 25 1n flui comuni cation with the
fluid in thepthtdatithl4hbyfarstecaatiopr eSsurktet afbcd@hentl| of drBpites t he

throat section of the flow elenent through a first divergent section 115.
The first 2dPP8rdenthesddvidrentessop fhest |aopvereadnsesbiet o liBs a@nnect ed

to a fluidguilet 2o, sFlaid fromth i&‘ftir@{c ‘?;IgZ {;' ow. festrigld on,glement 15
enters the proportionrng Varve at® i ts i ntet "Ber et hg°rd gurecs, a
sui tabl e prepeEityoniiy Mt MRsL0 itheSHIMINRAYI RE &he® Fluid. Fluid
enters the throat 114 of the device where the pressure of the
fluid 1is measured by a second pressure sensor 25 in fluid
communication with the f£fluid in the throat 114 hy a second
pressure tap 121. Fluid exits the throat section of the flow
element through a first divergent section 115. The first
divergent section 115 of the flow element section is connected
to a fluid outlet 12.
Fluid from the outlet of flow restriction element 15
enters the proportioning valve at its inlet. Referring to
Figure 5, a suitable proportioning wvalve 10 is shown having a
path for fluid flow that includes an inlet 300, a valve poppet
302, a wvalve seat, and a fluig outlet 305. The valve poppet
302 is in contact with a depression in diaphragm 304 on one
end and a diaphragm 304A and Spring 305 seated in base 308 on
the other end. This is a normally closed valve. The poppet
302 restricts flow of fluid past the valve seat. A sensor
307 is positioned on sensor spacer 306 to determine the

“homing” position of the lead screw 310 of the stepper motor
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path for fluid flow that includes an inlet 300, a valve poppet 302, a

val ve seat, and a fluid outlet 305. The val ve poppet 302 is in contact
with a depression in diaphragm 304 on one end and a di aphragm 304A and
spring 305 seated in base 308 on the other end. This is a normally cl osed
val ve. The poppet 302 restricts flow of fluid past the valve seat. A
sensor 307 is positioned on sensor spacer 306 to determne the "hom ng"

posi 11 0 ofy{ e 6. SET AN 310,0LoLACSLARPYALIRL AL 113 Alka Jocad] ust The

flow rate ot the inthe flurd path, the stepper notor 311 w

rotate, drind ngebbsr!@adrsgiewidl0 rotdyerneivigf theelbeddssemwedl 310
di spl aces the di aphragms 304 and 304a, noving the poppet 302 fromthe
seal ed posWevemenitn oft frbevakee seraw 34 clispgassowisyt diaphgagmst >¢he val ve

seat and oppet, 302. \Wien_ t he stepper tor reverses rotational.

i recti on, SHhes{4sad TOFLEN FET 1RO O THENdF SphT SRR S heh 8 ur n
spring 308H¢é wl@‘ée?ee%i?e,agiém FTByw 304 ARGa304n thaDVADE tRacpappet to
restrict the flow o uid In tthe flow path.” The val ve actuati ng mechani sm

in this enbasierenBols a wséreppae nSiepperbuiotoeul cewdrsesberetdtiineat notor or
ot her mechani cal actuator, pneumatic actuator, voice coil, or other force

act uat or s. dipieetienuatiian d srec RaRe'S MatFarhs cHiffuPeati B rag RREnERe
the 1 ow it e BARE ol t RESSRCOR T ol Tavesar n 1 oM ier Al ve e
enbodi menty, 4f; fihe nkab¥fpetd NG AIRRREE ERSUFRN e 13h9ai B @het REowal ve, the
valve is normally open, and the spring works in opposition to the
S path. The valve actuating mechanism in this embodiment is a
stepper motér, but could alsc be a linear motor or other
mechanical actuator, pneumatic actuator, voice coil, or other
force actuators. ‘fhe actuating mechanism is in communication
with the electronics, which varies the commands sen_t to the
actuator in response to the flow rate setpoint and the actual
flow raté. In an alternative embodiment of the valve, the
stepper ensures the closing of the valve,  the valve is
normally open, and the spri'ng‘ works in opposition to the
stepper.
Various poppet designs can be used depending upon
desired response, linearity and seal area. For example,
Figure 7 shows a standard Parker/Partek poppet 302 that has
been modified such that the cone 302A has a compound angle
(7.5 degrees and 16 degrees as shown in Figure 7A). The
compound angle makes the flow response with respect to the

poppet position more 1linear and thus easier to control.

Figure 8 shows a poppet 302’ with a reduced diameter (relative
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stepper. Various poppet designs can be used dependi ng upon desired
response, linearity and seal area. For exanple, Figure 7 shows a standard
Par ker/ Part ek poppet 302 that has been nodified such that the cone 302A
has a conmpound angle (7.5 degrees and 16 degrees as shown in Figure 7A).
The conpound angl e nmakes the flow response with respect to the poppet
position nore linear and thus easier to control. Figure 8 shows a poppet

302" with a reduced_djaneter (relative 14 to,poppet. 302 of Figure 7) at
the seal i nBOaP%%’e_énagg_ ‘gﬁaﬁ?‘_@’&e §83aF an%é&agb’g% the ca5’r%n3r CE%%#ert he seal
area to redgge;, aéydataf;aﬁ B JUESr R ShQUs anpodiddiedaRopped 302ucd hat

i ncl udes the conpound angl es and al so has a |larger barrel 304 dianmeter for
| ow fl ow apphizabhons. rFEygLe € 910sbhans apappietrie@02cppett BER” cotisttant cone

angl e (no conpound angle) but a larger barrel diameter for |ow flow
appl i cat i ohgcludsst thexgampogdoprdlas Brghalser hey taldesen Rarret i39%e a

di aphragm po t design can.be nmade to.proportion by such poppet :
nodi ficati gh%‘e%ﬁa %ﬂﬁo?ﬁ%r g%?‘?[lga? “ ?‘laqs'neV\I/:tl Wi’y sg’v?n”?hpg}r%)ee{:ppr opriate
actuator, aggh nheddianGtdhe a6t Ushor ANAlev gnoassapBlig i Bh@L8 fdewcontrol
systemw th a flow sensor, calculation and control |ogic, and the

act uat or / vaimeer dsseril| ydideftenrr | igr agav n filowFi applachtiamt.uat odosty i s
connected to the valve 10. Each pressure sensor 24, 25 (or ,a single

di f f er ent i FisiiBgsucd/eéhsi M 9eviRELYs iAl¥efmurfitest i o iER &

diaphragm/poppet design can be made to proportion by such
ﬁoppet modifications and incorporating the f£inal new assembly
with an appropriate actuator, and imbedding the actuator/valve
assembly into a flow control system with a flow sensor,
calculation and contrel logic, and the actuator/valve
assembly.

Referring again to Figure ‘1, arctuator 17 is connected to
the wvalve 10. Fach pressure sensor 24, 25 {or a single
differential pressure sensing device) is in communication with
a computer processor or controler, such as a controller having
proportional, integral and derivative (PID) feedback components
or. fuzzy logic control. Fuzzy logic control involves three
steps referred to as fuzzification, rule evaluation, and
defuzzification. Fuzzification is the process of quantifying

analog input variables, such as flow rate error and the

derivative of the flow rate with respect to time, into the
degrees to which a small set of'logical values is true. Rule
evaluation involves taking the fuzzy input variables and

generating a set of fuzzy outputs based on a set of rules ox
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a conputer processor or controler, such as a controller having
proportional, integral and derivative (PID) feedback conponents or fuzzy

| ogic control. Fuzzy logic control involves three steps referred to as
fuzzification, rule evaluation, and defuzzification. Fuzzification is the
process of quantifying analog input variables, such as flow rate error and
the derivative of the flowrate with respect to tinme, into the degrees to
which a small set of |ogical values is th%e. Rul e eval uatiaqn iq&plves

taki ng t hecT@EPIhput Dedta2dbt &-18hd - g&Rtr BT 7 %a Ofsfetco_ J'rl“lynzqzyt out put s
based on a.SPle0fy riligned’ snd &QNEbhlEe DRluazihbcal! Aol Sydtm process

of conbini'ng the™ raw "t uzzy outputs 1 nto one conposi system out put. One
system anghd'eichRsd obr Fuzay, legi€ €mkoD! ié sdiiicseusdeth i cordongintion with
FI GURE 20, bel ow. Such output may be used to control a valve or a heater.
As each semisir FZGURR52@anipdlew .t [Sachr estute mayn biet g1seds acEPHE! @ d | ne,

it sends the sanpled data to_the _controll gr.zﬁThe cont r“gxrl1 I eloS ares the
val ues and"dFECHT &t d¥€at8Ypr &% FEIP O Ac P35 52T HEPEET r 't FVE T 1ow el enent

15 as  disgussed | k1 f&f 3lihe PSILOWends Sivgnabnbi&iNdke t&omd ol | er
based on tﬁlatslstgr]éés uerq‘léﬁg%ogh?ls sen(ta' to tﬁg act uat g?‘L 17, whi ch nodul at es

the fluid eantbolenal idelGoaceandngdnpared etiperatines and deilpehatdsc
viscosity corrections can be made. The controller can calculate a flowrate
based on thebregmgsurdrop fAosat ithe FESERCHivEcrie¥ 7&88ht e 18i gifal s and

ety LR e e A
Co controller based on that pressure drop is sent to the actuator

17, which modulates the fluid control valve 10 accordingly.

Temperature and kinematic viscosity corrections can be made.

The controller can calculate a flow rate based on the
pressure differential of two discrete pressure gignals and
temperature of the fluid, and compare the measured flow rate
to a previously inputted set point flow raté and modulates the
proportioning wvalve to achieve the flow rate set point. The
controller can also total the total volume flowing through the
fluid flow control device from the beginning of the cycle, and
seals the valve when the total volume dispensed is equal to
the volume set point inputted by the end user. In another
embodiment, a Fflow rate set point is inputted as well as a
time value set point (instead of a total volume set point).
The loop can be exercised until the time measured since the'
start of dispense equals the set point inputted, and the valve
is shut completely to complete the cycle.

A liguid compatible proporticning wvalve 10 provides flow
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proportioning valve to achieve the flow rate set point. The controller can
also total the total volune flowng through the fluid flow control device
fromthe beginning of the cycle, and seals the valve when the total volune
di spensed is equal to the volume set point inputted by the end user. In
anot her enbodinent, a flowrate set point is inputted as well as a tine
val ue set point (instead of a total volune set point). The |loop can be
exercised until the tjime neasured since the start of. di spense equals the

set point FHEUMPERlatiE Phetim WE1d| 2183 THpIREEETS Y FOEEMPTRtY t he
cycle. Aljquid.co i bl r r.fhoni 1 L.d f 6 rate
m%dul ati onthgtf nf%ﬁ'gl E}?ﬁ%&sn?rsga%?eo héggsgg y\églgngf%ag\égf §§f\/\£19\r,1%a%er11

conmponent sprdfer¥dl ¥ehddimand, t i aghivat ab 1. al aidga-agpr ehér pegbeanbodi ment
the valve 10 is a diaphragm and poppet style device that efficiently

control s t#kvie olevigee thek| effagiintlyi menthelpr Brsuflowr B3¢ ad@elf by t he
valve. The val ve, diaphragns all ow t he fiéturi anq novement o{ t he
i Siv ) 8 valve

poppet,  WHHEHIALRR Hie PHRFEUFE (W PaceuBsd | bY f-in 38R OFitice. The
poppet of g %?Qg@ée d?E’%%eE@aﬂﬁﬁr&MC%ﬂ& né@em%\é'lélf VR Vo been

nodi fied to prov or good proportioning of the flow rate tthrough a w de

fl ow rangeyhia® @baslssed tabo¥bow Wath bef Bteneeittoriiguneso¥iilce.l n anot her
enbodi ment, a standard St. Gobain Perfornmance Plastics (Garden Grove, CA
HPM wi t h riBweadeitrbesnadt pappeender f PedtsrdRaredh KBueissd. AHe Fhck%at or

prov! des LS yIPgnankea foNeneal O LG A 280" 390 pr e GRS, tie poppet.
. the flow rate through a wide flow range, as discussed above
with reference to Figures 7-10. In another embodiwment, a
standard St. Gobain Performance Plastics (Garden Grove, CR)
HPM with no additional poppet modifications can be used. The
actuator provides the wmechanical rﬁovement of the diaphragms,
ané hence the poppet. Isola_ted from the walve body, the
actuator in the preferred embo_d_iment ig a stepper motor fxom
EAD (Dover, NH), p/n LlMGE—lO;{03, and can be operated in
primary steps or with micro-stepping to provide more precise
movement of the diaphragm/poppet assembly. Other suitable
actuators include linear motoxrs, voice coils, and pneumatic
styles. ‘

FIGURE 21 illustrates one embodiment of a controller that

can calculate a flow rate for a ligquid. In the embodiment of

FIGURE 21, the controller can include a central processing

unit 2100 and a digital signal processor 2102. Each of

central processing unit 2100 and digital signal processor 2102

can include or access computer readable memories {e.g., RAM,
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actuator in the preferred enbodinent is a stepper notor from BAD (Dover,
NH), p/n L1MGE-10X03, and can be operated in primary steps or with

m cro-stepping to provide nore precise novenent of the diaphragni poppet
assenbly. Qther suitable actuators include linear notors, voice coils, and
pneumatic styles. FIGURE 21 illustrates one enbodi nent of a controller
that can calculate a flowrate for a liquid. In the enbodi nent of FlIGURE
21, the controller can include a central processing_  upnit 2100 .and a

digital siRfMal ESROMesBHrsn ] Etemah BOneEint FEra9e0S68EF R UnT " $100 and

digital signal process 2102 C i u CCeS$S G 4 egdabl e
menori es (e."@l}-‘gﬁﬁ\ﬁa%a%e ﬁﬁgﬂorﬁwgnagﬁ? O%arﬁ er ng nagngt[a?ﬁcl st or age
device or BlihRE 260MBELEFaY 6RdRBESI AR MBEM KIAMN dan tdeecatt pn-boartdhe exanpl e
of FIGURE 21, central processing unit 2100 can access on-board FLASH
menory 210AsHdmehgivt allo4i gmbldigl bek ssiona 1P0E@iCtceess cagndeei™d FLASH

2106. Each of Flash nenory 2104 and Fl as nory 21 an store.a set of
conput er r¥adRE iﬁ%@tsﬁu@%{%ns EafBg o q‘?fggme %’é’f gfoedice?(%c(?:u SHite by the

[ eSpect | Ve, BLOCERR0 e DgLtal o SlAnd PRGOS0 M08 ANheROLE Bbns

processi ng uni t can communi cate via a standard or custom interface
control 2khbg Thaacopii®| | athaeanasb SOekdttltubee a benpdreat weepsensor | nput
2112 to receive a tenperature signal froma tenperature _sensor, .a stepper
mot or dri weocgsdscto gdbierised assyePperrronssrr drilfe sighal CBRSEY on the

out put of central processin . .
P processiné)unit 2109 can communicate via a standard or custom

interface control 2111.

The controller can also include a temperature sensor
input 2112 to receive a temperature sigmal from a temperature
sensor, a stepper motor driver 2113 to generate a stepper
motor drive signal based on the output of central processing
unit 2100, pressure sensor inputs 2114 and any' other inputs or
outputs used for a particular implementation (e.g., analog and .
digital outputs, diagnostic ports, e'tc.) .

In operation, the controller can use input signals from
the individual pressure sensors and a temperature signal from

£ a thermistor to calculate the final flow rate of a liquid.
Alternatively, the output from a single differential pressure
sensor could be used to calculate the final flow. Each
pressure signal is processed via an analog to digital chip,
then the signal is amplified, and the resultant signal is fed
into digital signal processor 2102. This procéssor operates
at a higher frequency than the central processing unit 2100 to

allow for filtration of the pressure and temperature signals
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unit 2100, pressure sensor inputs 2114 and any other inputs or outputs

used for a particular inplenentation (e.g., analog and digital outputs,

di agnostic ports, etc.). In operation, the controller can use input signals

from the individual pressure sensors and a tenperature signal from a

therm stor to calculate the final flowrate of a liquid. Alternatively,

the output froma single differential pressure sensor could be used to

cal cul ate thg fihpal o] c Si I C Vi n anal og

to digital " %?Qétlﬁzéﬂﬁ ol gngﬁaﬁgﬁé{?pti #23{’ 1 PhoceaRet V18R] gnal is

fed into degbdade.Si ghatrgrieaess ahe? 303nallhish PeOSRESCArPRRY &eBEce at a

hi gher frequency than the central processing unit 2100 to allow for

filtrationaBY tSFErprecyr aokird (Exgier bher erepgned ssen®mndigwesthot | npose

a significant, delay in_the ntr ol 0 response. Filtration of the signal
Bley o gt Bt

can be necB8SSETY O r EHUEE 4§ exE T ndi F&*T f PoTT e BrES¥tT e sensor,

fromthe #y¥8h&MBneat . ext @nnal ) sangdeal OWiar @oﬂﬂ&&%n&r%%siar%ﬁﬁéé”e
measurenent. This is useful when conparing two pressure signals. A

di f ferenti algylessuredsifprahtis. pheaswokt aigedl iGephémlobpaoea@ssi ng unit 2100
execute instructions 2108 to calculate a flow rate based on the
differential préedsgrd PTREASEIRBN LaAt] Haelutie dinsérpetansr @108 ckmer at ur e

i nfluences essur.e_reading, the densjty, .and the,viscosity of the
fluid, whi %#“fh%g%t sgt ﬁgoﬁal%ghgaﬁagﬁgofont hléh‘%ll 8\3&/?19%5& .%lgf'i“ne Prﬁﬁ?%/reer enti al
pressure sagiilrensnfoied @d raQidetahRdatard. PR Atna Viddig¥hedi e via a

pre-| oaded calibration curve. The

: the pressure reading, the density, and the viscosity of the
fluid, which impacts the calculation of the flow rate. The
differential pressure signal is noted and correlated to a
preliminary flow rate via a pre-loaded calibration curve. The
calibration curve is dependent on the absolute dimensioné of
the fluid flow path, the dimensions of the restrictive region,
and the response of the pressure Sensor. There is a single
curve per flow control system. The curve has been normalized
for a model fluid. The resultant preliminary flow rate is
further modified by the density and viscosity of the fluid at
the measured temperature. Such stored data correlates the
dependence of density and viscosity with temperature for the

measured fluid. In a preferred embodiment, density and

viscosity as a function of temperature for multiple liquids is

stored as data either in tabular form or as mathematical

functions. The preferred embodiment utilizes a microprocessor

from Motorola p/n MC68HC912DG1l28 (Shaumberg, IT) for the final

calculations. The final flow rate for the fluid of interest is
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calibration curve is dependent on the absolute dinensions of the fluid
flow path, the dinensions of the restrictive region, and the response of
the pressure sensor. There is a single curve per flow control system The
curve has been normalized for a nodel fluid. The resultant prelimnary
flowrate is further nodified by the density and viscosity of the fluid at
the nmeasured tenperature. Such stored data correlates the dependence of
density and viscosity with tenperature for the neasured fluid. In a
preferred ¥fHoBPReHt . density and viscosity as a function of tenperature
for mltiple Iiguigshs 3t giadaas dataeliher,dnafilar tordaar, as

mat hemat i cal unéilons.b%he preferred eH% aent lizes a

M cropr ocegs@kuct {8HD MRE 0£1Q)radPher MBS HE9E 206l 28mé Shauahear greddded or the
final calculations. The final flowrate for the fluid of interest is 19

then not ey mulshple dodveessimsd that indlitustihes ceampieeptoradt syl eone
instructions are stored between nultig[e nMenpr.i es and(%ﬁﬁfuted by multiple

processor £F (&S FEFPHET SRETHT FETSFbFRPh BSn&XeErt by oo ier
eadabl e R Ie3-A00, R0 CXGEUARORY 008 Qhuld L HHBEESRAY by il her mor e,

as woul d be undérstood by one ordinary s in the art, "the conputer
readabl e dmstguehbeps sanibeihnpkraented, astisof tovaipatef i r naedabland/ or

hardware. FIGURE 20 is a flow chart illustrating a flow rate conputation
I n one entioditmpaticfs tdae peedeptenenfedt pon softearenetfAsER TRy 2 9 GURE 20

can be carried out by executing, wth
hardware.

FIGURE 20 is a flow chart illustrating a flow rate
computation. In one embodiment ' of the present invention, the
methodology of FIGURE 20 can be carried out by executing, with
one or more processors, computer readable instructions that
are stored on a computer readable memory (e.g., RAM, ROM,
FLASH, magnetic storage, or other computer readable memory
known in the art). The controller, at step 2002, can read a
temperature (e.g., through temperature input 2112 of FIGURE
21). At step 2004, the controller can access temperature
verses sensor tables to calculate a temperature offset. AL
step 2006, the controller c&: read pressure signals (e.g.,

through pressure sensor inputs 2114 of FIGURE 21) and, at step

2008, correct the pressure signals for the temperature offset.
The <ontroller can then calculate Pl, P2 and the difference in
pressures based on the pressure signals and algorithms
associated with each pressure sensor (step 2010).

At step 2012, the controller can calculate an initial

flow rate based on the pressure differential and correlate it
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one or nore processors, conputer readable instructions that are stored on
a conputer readable nenory (e.g., RAM ROM FLASH, magnetic storage, or

ot her conputer readable nenory known in the art). The controller, at step
2002, can read a tenperature (e.g., through tenperature input 2112 of
FIGURE 21). At step 2004, the controller can access tenperature verses
sensor tables to calculate a tenperature offset. At step 2006, the
controller c": read pressure signals (e.g., through pressure sensor inputs
2114 of FreURaD)inamary dtloyt epte 20882 p¥rriegted P ldPeatite i ghials for the

tenperature offset. The controller can then cal cul at 1, 2%1.apd the
di ff er enc@Ppn P& LFVs KHEEY off™t h epr%%fﬂ?%nsidﬁhlghgnéialgorithns

associ af ed, ui Lf} 4aC, P SRSUGEuEEN TR0y ( BhER, 2040) aibbnsiap 2682 thehe

controller~can ¢ ate an'initia ow rate based on the pressure

di fferenti-aktpitlicer t€5E iand 20et tespopsel ofn ter prEow e aA%85¢ra a

pre-| oaded calibration curve. The calibration curve can be _de gndent on
t he absol Ghere dearersi ensingle haufveyipgrf E&Y ok rot h@%"r%nsi%‘ng 6f the

restrictive region, and.the response of the pressuyr NS - sodNgre can be
a singl e PGRERCIRE §RT-LONtY o?ﬁgy&u@ﬁ? %‘ﬁst ggﬁp?lg e?ffed enbodi ment , t he

curve hasm?ﬁ@f‘ parR!l i 280 £ 08n2 1 y0del stbpli gh12Addinki esattylleat cahep 2012,
the controllTér can nodify the initial flow rate based on viscosity and

density. mbhergay ahlietal atlest ept@Oiskedcan uiijesstityhand| ¢ si&¥e based the
flowrate calibration to calculate a final flow rhat%:L Atratsetg%s%gla t he
cont r ol | eFheaforfatcaddar neahobksRucHPido E8Fr2Etust the tiow

the flow rate calibration to calculate a final flow rate. At
step 2016, the controller can determine how much to correct
the flow rate based on a set point. Based on the calculation
of flow rate, the controller, at step 2018 can generate a
signal to adjust a valve.

The calculation of how much to adjust the valve can
involve fuzzy logic. The appiication of fuzzy logic involves
three steps, fuzzification, rule evaluation and
defuzzification. Fuzzification is the process of guantizing
input variables into the degree to which a small set of

’ﬁb; logical values is true. According to one embodiment of the
| present invention, a variable related to a flow rate and
variable related with the change in flow rate over time can be
compared to membership functions to determine a degree of

truth for each membership functiomn.
As an example, the contrcller can compare the flow
rate error and change in flow over time (dF/dt) to membership

functions. The flow rate error and dF/dt can be calculated in
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the flow rate based on a set point. Based on the calculation of flowrate,
the controller, at step 2018 can generate a signal to adjust a valve. The
cal cul ati on of how nuch to adjust the valve can involve fuzzy logic. The
application of fuzzy logic involves three steps, fuzzification, rule

eval uati on and defuzzification. Fuzzification is the process of quantizing
i nput variables into the degree to which a small set of |ogical values is
true. According to one enbodi nent of the present invention, g variable

rel ated t e fieomer akeowndin vie aite (TBeacgdon €A2 tHe ¢hEse APl ow rate

over time can be conpared to nmenbership functjions t e ;he,a degree of
truth for B¥ER A §“ﬁFpN?%?1t't:’tvieOnge’,73% ‘%ﬁi gﬁﬁﬁ%}%e,' t%élgc%ﬁ%{ﬁor&\ er can

conpare gy hQWo Rl Bhgh ! AfnctaBns NRAIRES: HOWIONSEraltoeif dfialtE to
menber shi p ~ functi ons. e flowrate error and dF/dt can be calculated in

21 any many, KROWIGUREt PBA Arlinel Esoer repreamtise tievndgdtivet GTIOHr ee
categories Negative, Zero and Positive. One enbodi nent of the nerbership
functi ons Hesbesehigr fundtipast PAPAdthe PREIRE ZPTR SEROE| BEFRSESAP |ine 2302

epresent s, Lie heda) ue, £l ooIEIhA! LD (L e 2300 e nawbral zero

error nme hé positive error nenbership function.
The dF/ dtgdimeal 50 diybdediinke three wakegociamorbess easbngrsingt eady and

Increasing. FIGURE 23B illustrates the nenbership functions for these
three cat egesiigsand ridereaREN@3B, FIGURE 23B0d Ivepratrmttdiea maBeex#idPng dF/ dt
1ne 2310:3&3&?3&! ggzdéhese three categories. In FIGURE 23B, line

2308 represents a decreasing dF/dt, line 2310 a steady d4r/dt

and line 2312 an increasing dF/dt. It should be noted that

the membership functions in FIGURES 23A and 23B are provided

by way of example only and the membership functions take any

rshape. In other embodiments of the present invention,

additional or fewer membership functions can be defined for

each variable.

The error value and dF/dt can be compared to the
membership functions to determine a degree of truth. For
example, if the wvalue of the error is at point 2314, the
degree of truth for each error .membexrship function would be as

follows: Negative 0%, Zerc 90% and Positive 10%. Similarly,

if dF/dt was at point 2316, the degree of truth for each dF/dt

membership function would be: Decreasing 0%, Steady 80% and
Increasing 20%, Thus, the fuzzification process determines
how true a state is for a given input variable. Other inputs
include for example, temperature, rate of change of

temperature, pressure, rate of change of pressure or any other
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and line 2312 an increasing dF/dt. It should be noted that the nmenbership
functions in FI GURES 23A and 23B are provided by way of exanple only and

t he nenbership functions take any shape. In other enbodi nents of the
present invention, additional or fewer menbership functions can be defined
for each variable. The error value and dF/dt can be conpared to the
menbership functions to determ ne a degree of truth. For exanple, if the
value of the error is at point 2314, the degree of tryth for each error.
menber shi p VRERRYESN LRl B o8 asratgrFedsto Negut Foke 696/ e 82885 Yhd
Positive 1&?(%W§iar;§iel arly, if dF/dt was at point 2316, the degree of truth
for each dF/di ~ nmenbership function would be: Decreasing 0% Steady 80% and
I ncreasi ng 20%gulBYS, eddl@at vaZi fibGalvd phRDESSadedRy Meaes, haputsue a
state is for a given input variable. Oher inputs include for exanple,

t enper at ur é¢.g.at Negfatdlran§é, ofzexrbe?P&r afordtivy eb¥ur decrgeeingd Bhange of
pressure or_any other 22 variables that can be translated to _flowrate

and/ or chafigeadh 80%| 60 Lpereagiras 28vh g iBReFAVEIN & EhkPhgT8%Fhe fuzzy
inputs (e gati %.:-Zer _90%. . Posiit | % asi 9 St eady
80% and | n8§t£§§|§§g 20%€cgﬁdmégngfat fgqﬁa aét'rs%%dig?ﬁguoz%ﬂ;eq%%t pE?g.Sbe{g:cor di ng

to one enboghdAbnOf thdEFugEeS@tputl BaLMd Ghe ElehdeUZdyboOuippatiiedato be t he
change to be applied to a flow valve given a set a rules. One enbodi nent
of a set of f¥ay #elve Giwsana gelfad|mlps. One embodiment of a set of

rules is shown in Table 1.

Table 1
1 IF Error=Negq AND dF/DT=decr THEN change=large
2 Error=Neg dF/dt=steady change=31
3 Exrror=Neqg dF/dt=incr change=SI
4 Error=ero . dF/DT=decr change=81
5 Exror=Zero dF/dt=steady change=NC
[ Error=fero ] dF/dt=incr change=SD
i Error=Pos . dr/DT=decr change=SD
8 Error=Pos . | dF/dt=steady change=8D
9 Error=>Pos dF/dt=incr change=LD
small
SI= increment
LI= large
increment '
WC= no change
small
Sb= decrement
large ;
LD= decrement:
Using the rules above and continuing with the previous
example the fuzzy Inputs of Error = Negative 0%, Zero 90%,

Positive 10% and dF/dt = Decreasing 0%, Steady 80% and

{
Increasing 20% can lead to the following fuzzy outputs and
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Table 1 1 IF Error=Neg AND dF/ DT=decr THEN change=l arge 2 Error=Neg dF

dt =st eady change=SI 3 Error=Neg dF dt=incr -change=,91 4 Error=Zero

dF/ DT=decr change=S1 5 Error=Zero dF/dt=steady change=NC 6 Error=Zero dF
dt =i ncr change=SD 7 Error=PCs _ dF/ Dr=decr change=SD 8 Error=Pos dF

dt =st eady change=SD 9 Error=Pos dF/dt=incr change=LD small SI= increnent

LI = large increrrent NC= no change small SD= decrenent large LD=
decr enent L@é riylgs.above and continuing with the previous exanple
Error = Negative 0% Zero 90% Positive 10% and dF/ dt

the fuzzy Inputs o
= Decreasing 0% Steady 80% and Increasing 20% can lead to the foll ow ng

fuzzy outputs and 23 degrees of truth: No Change= 80% True (From Rul e 5)
Smal | Decr enent Nomfﬁ'ﬁﬁre (From R80% T8)je (From Rule 5)

Small Decrement= 20% True (From Rule §)
Small Decrement= 10% True (From Rule 8)
large Decrement= 10% True (From Rule 9)

In this case, the smallest degree of truth for a fuzzy
input was used as the degree of truth for the fuzzy output.
For example, for.rule 5, 80% was selected because error= zero
was 90% and dF/dt = steady was 80%. Rules that had a 0%
degree of truth for either fuzzy input (e.g., rules for Error
= Negative or dF/dt = decreasing) are not shown as the degree’
of truth for the fuzzy output would be 0%. The assignment of
degrees of truth to the fuzzy outputs, in other embodiments of
the present invention, can be a matter-.of choice and
optimization. In yet another embodiment of the present
invention, the fuzzy output with lowest degree of truth can be

" dropped. Fuzzy outputs can be selected in any other manner,
such as selecting only the fuzzy outputs with degrees of truth
above a certain value. Thus, the large decrement from rule 9
would be dropped as the large decrement has a degree of truth
of only 10%. However the small decrement fuzzy output of rule
8 would not be dropped as the highest degree of truth for the
small decrement fuzzy output is 20%.

Table 2 provides another example of a more complex rule
table for generating Fuzzy outputs. In the case of table 2,
the error can be compared to five menbership functions: larxge

negative, small negative, =zero, small positive and large
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‘Smal | Decrement= 10% True (From Rule 8) Large Decrenent= 10% True (From
Rule 9) In this case, the snallest degree of truth for a fuzzy input was
used as the degree of truth for the fuzzy output. For exanple, for rule 5,
80% was sel ected because error= zero was 90% and dF/ dt = steady was 80%
Rul es that had a 0% degree of truth for either fuzzy input (e.g., rules
for Error Negative or dF/dt = decreasing) are not shown as the degree of
truth for phediwzzy ot pur/ Ul Shber@% oJhie assi gpment,cof nofRaisags of truth
to the fuzzy outputs, in other enbodi nents of the present invention, can
be a matt efurgftiohet celange op¢datiizat i ommalln yedgaahet herzenhodismeal of the
present. invention, the fuzzy output with | owest degree of truth can be

dr opped. FREAAFIS6t pUt st Ee BeskdivEct cBRTeE QRy tBenévdsurganef  trudhcRtas

sel ecting \ f. o] t | gre of. t Y rtain

val ue. Thutgr?4 tﬂ%ﬁgaﬁgléag%c&e%e{nt%n r%?ﬁrglfﬂ esegﬁenmg&}zéybguﬁ%peaﬁaggt he | arge
decrement fafratdggree 9bry r Ulahge Of i sd 0% 1 YV ahct-B8s$Maldmadecr ement
fuzzy output of rule 8 would not be dropped as the highest degree of truth
for the simmldeadecr eneghaharzsmali pdecieas20%laFabl deQramseyiadds vanpt her
exanpl e of _a nore conplex rule table for generating Fuzzy outputs. In the
case of talit@e29ec¥$R %rror can be conpared to five menbership functions:

| arge negative, small negative, zegQ .Spall positive and large 24
positive, and dF/ dt -can be conpared to five nenbership functions: |arge
negative, smdlT Megal Ve, Feryg, Snaldoy Ghange

Large Negative Large Negative Very Large Increase

Large Negative

Small Negafive

Very Large Increase

Large Negative Zero Large Increase
Large Negative Small Positive Small Increase
Large Negative Large Posifive No Change
Small Negative Large Negative Very Large Increase
Small Negative Small Negative Large Increase
Small Negative . Zero Small Increasa
Small Negafive Small Positive No Change

Small Negative

Large Positive

Small Decrease

Zero Large Negative Large Increase
Zerg Small Negative Small Increase
Zerg Zero No Change
Zero Small Positive Small Decrease
Zero Large Positive Large Decrease

Small Positive

Large Negative

Small {ncrease

Small Positive

Small Negative

No Change

Small Positive Zero Small Decrease
Small Positive Small Positive Large Decrease
Small Posifive Large Positive Very Large Decrease
Large Posifive Large Negative No_Change

Large Positive

Small Negafive:

Small Decrease

Large Positive Zero Large Decrease
Large Positive Smali Positive Very Large Decrease
Large Positive Large Positive Very Large Decrease

Table 2 ig provided by way of example and illustrates how

fuzzy

inputs

can be

compared

to

additional

functions to generate additional fuzzy outputs.

membership

Defuzzification is the process of combining the fuzzy

25




positive and | arge positive. Based on the degrees of truth of the fuzzy

I nputs dF/dt and error, seven fuzzy outputs can be generated: very |large

i ncrease, large increase, small increase, no change, snall decrease, |arge
decrease and very |arge decrease. Table 2 Error DF/dt Change Large
Negative Large NegalUve Very Large Increase Large Negative Small Negative
Very La a Increase Large Negative Zero La a Increase Lane Negative Snal
Posi tive SmlthutBCt8asLeatcAgByNeGRtdNButamerEpsitd kb0 cEhaRgfH1e5Rl |
Negative Large Negative Very Lar a Increase Snall Negative Small Negative
Lar ge | ncr édse fusmnldutiuabi fiom tHerexasmpikl ubigr aabte SneElll Megatddie Smal |
Positive N._ Change Small Negative Large Positive Small_ Decrease Zero Large
Nenauve Laf@PnErasseoutritto capabd TRlgaery E° Shafisqustres8andezdio tA&r o No

Change Zer |1 PQsjti | regse,..Zero _lLarge Positiv rge
Decr ease Sﬁ&??gﬁbsitgég f%%& fNegggggﬁ mdﬁluﬁﬁg?%3§eﬁo n%h% ﬁ%?h_iye Smal |
Negat i ve Neu€Babts eofSmabhePeSichhVBeZ8kBoSBdd REGhe B8 cr&fd| budfgist | ve

Smal | Positive La a Decrease Snall Positive Large Positive Very Large
Decrease (e.g., percentage change in value).

Table 3
Change Percentage Change in Valve Outpubt
Large Decreément =20
Small Decréement -10
No™ Change [4]
Small Increment 10
Large Incremerntc 20

As shown in table 3, for a fuzzy output of a large
decrement, the percentage change in valve output should be -
20%, for a small decrement -10% and so on. The fuzzy outputs
can be multiplied by the appropriate constants from Table 3
and be summed together. 8o, for the example of fuzzy outputs
from table 1 and dropping the large decrement fuzzy output
that had a degree of truth of 10%, the overall change in the

flow valve would be:

Change = (0*80%-10*20%-20%10%) /(80%+20%+10%) = ~3.6

- Based on this value, the controller would attempt to
close the valve by 3.6%. This can be done by the generation
of an appropriate valve control signal at for example step

2016 of FIGURE 20. In one embodiment of the present invention
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Large Positive Large Negative No Change Large Positive Small Ne ative-
Smal | Decrease Large Positive Zero La a Decrease Large Positive Snal
Positive Very La a Decrease Large Positive La a Positive Ve Large Decrease
Table 2 is.provided by way of exanple and illustrates how fuzzy inputs can
be conpared to additional nmenbership functions to generate additional
fuzzy outputs. Defuzzification is the process of conbining the fuzzy 25
outputs to Hecal@va &ySEN QULANTL . c&0'bd NRrsaks of vEXAIPELivert NBEUZZY
outputs fromthe exanple using table 1 will be used. Each fuzzy output can
be rel at ed 33 gedevhicetta shalmge viedvehdriveysteml Eor dexwept evalfablte 3
illustrates how the fuzzy outputs of Table 1 can be associated with

di screte oJFﬁﬂtgr‘%ﬁgﬁf, per cent age change in value). Table 3 ange

Percent age change is Valve output Large ecrenen -20 Small ecrenmen -10 NO
ange ma ncrenen 10 arge increment As shown in table 3, for a fuzzy out put
of a large decrenent, the percentage change in val ve output should be -
20% for a small decrenment -10% and so on. The fuzzy outputs
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can be multiplied by the appropriate constants from Table 3 and be sumred
together. So, for the exanple of fuzzy outputs fromtable 1 and dropping
the | arge decrenent fuzzy output that had a degree of truth of 10% the
overall change in the flow valve would be: Change =

(0*80% 10*20% 20*10% / ( 80%+-20%+-10% _ -3.6 Based on this value, the
controller would attenpt to close the valve by 3.6% Thifs can be done by

the generation of an appropriate mt@égﬁecqntrol signal at for exanple step
2016 of FIGURE 20. In one enbodi ment o e present invention 26 the valve

control signal can be sent to a valve driver that can generate an anal og
val ve drive sighuls tgagply dldughrylees dheopen oF afl gboddmer splteel This
exanple illustrates _the use of an enbodi nent of.the . present inyention to
measur e and SSHLT ARVFRGUTH P BAATY GAREI S RE HEFTYry OBt (i TR e vol unes
of fluid fenechgaiiGaly NBEhankepbtd! BaLLLAL b@N SULSE r @be pPegaSsINg. Mre
specifically, this exanple illustrates how an enbodi nent of the present

i nventi on maghiveiaaded tplameaszrtcioand comtstoite | | gprabddsdwgt o emabee t he
delivery of discrete volumes of a palishing fluid to a substrate. Chem cal

mechani cal SPeFisifichgY. i Ehigertamnle tHd vabmifdctite Y FRaddarrtefses.
e ol B0 PUAIBIEAC A SRR b LG DDAt o8
liquid flow to enable the delivery of discrete volumes of a
polishing fluid to a substrate. Chemical mechanical polishing
is useful in the manufacture of optical lenses. Chemical
mechanical planarization is useful in the manufacture of
semiconductor devices. Polishing fluids may be acidic or
basic and may contain abrasives such as silica or alumina. A
fluid useful for polishing silicon dioxide includes silica
slurry iﬁ an aqueous- potassium hydroxide solution; a fluid
useful for polishing copper metal includes an oxidizer such as
hydrogen peroxide, an inhibitor such as benzotriazole, and an
aqueous solution of an organic acid such as acetic acid.
The inlet of the device of the present invention is
- connected to a pressurized or gravity feed vessel containing

the polishing fluid. The flow device outlet is connected to a

nozzle on the polishing tool. The peolishing tool has a

substrate to be polished by a rotating pad orxr belt. The
substrate is in contact with a polishing pad that removes

material from the substrate along with the chemical action of

the polishing fluid. Polishing fluid is delivered to the
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basi c and may contain abrasives such as silica or alumna. A fluid useful
for polishing silicon dioxide includes silica slurry in an agueous

pot assi um hydroxi de solution; a fluid wuseful for polishing copper netal

i ncl udes an oxi di zer such as hydrogen peroxide, an inhibitor such as
benzotriazole, and an aqueous solution of an organic acid such as acetic
acid. The inlet of the device of the present invention is connected to a

pressuri zetsustghey i &Y £880cHas s@lroagnt 8hdi Agzzitd)e meki shi ﬁglzislﬂiin%- The
fl ow device outlet is connected to a nozzle on the polishing tool. The

pol i shing tfdalidhés bhe suipstleatie tonbeljelli bhethdytimpwr deai¢ngpruadter bel t.
The substrate is in contact wwth a polishing pad that renoves nmaterial
fromthe sUtHSEFEPRISA-ong Thet hetardTOResF c gF ofl¥f dEVHEEPoEhPRg f1 Ui d.

Pol i shi fluid. issdeli L.h tyat h h h th
ngz;fe!nglé%#%%c%%ﬁig :Egkeﬁf%ﬁdgtgwpﬁgo%%gilégignggﬁ%rgP%ggL%% % ggflomﬁ

devi ce and ddngro®l@ed LenieS . of RBeClifgidmenl 656 1 ikhend |QWidemiae cheny be
connected to the tool's controller to enable the tool to control the
timng of thwwsraisonsthof tpol i shvnglebuicdnbatm aheoldabbta acedpcing t ool nay

al so contain_a polishing end oing det ect or that al so, be seg to

contr ol théinettieﬁg% %fatt Y FefPv Fyuﬁ?‘?piﬁ? i‘é‘?ﬂtﬁalpfa:%‘? d" 1 Enets T8t r at e.

The signal 4.R%QERSSOE belimrgl eefANieS Ao thgddhus devige eligghnates the

variability of polishing fluid volune and delivery rate due to~ pressure

vari ati ons pirbokdsrpriesshé | Zedtyvesti®l oFothal flidig dehibce RALnSATG thai d.

Conpared to peristaltic punps, delivery of

P variability of polishing fluid volume and delivery rate due to

pressure variations in the pressurized vessel containing the
polishing £iuid. Compared to peristaltic pumps, delivery of
polishing fluid occurs at a constant rate. The result is
controlled volume and delivery rate of polishing liquid to a

substrate that minimizes chemical waste and results in wmore

uniform and repeatable polishing of the substrate.

Example 2

This example illustrates the use of an embodiment of the
present invention to measure and control liquid fiow so that
discrete volumes of liquid precursors can be delivered to a
vaporizer to form a gas. More specifically, this example -
illustrates how an embodiment of the present invention may be
used to measure and control the flow of liquid precursors to a

vaporizer.
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polishing fluid occurs at a constant rate. The result is controlled volune
and delivery rate of polishing liquid to a substrate that m nim zes

chem cal waste and results in nore uniformand repeatable polishing of the
substrate. Exanple 2 This exanple illustrates the use of an enbodi nent of
the present invention to neasure and control liquid flow so that discrete
vol unmes of |iquid precursors can be delivered to a vaporizer to forma

gas. Mre specitigald y%rédmlrgo%aapéechemébsltg ates: hawe apegidepdigent of the
present invention nay be wused to neasure and control the flow of liquid
precur sors wapogizampoe i Zern 299&$ qui dher emsr sioy stimare adienieced stohat are
heated in a vaporizer to forma gas. The gas is then deljvered to a

heat ed subéletaﬁf‘é PHPE ¢ EC o CHeAdPRWFERERY MeHeurtthet® HECdSosed or
reacts on t&%oﬁ#ﬁ%&aﬁ %?:ereér&% glﬁs B BE e HSEH. T Qe ggﬁ‘mﬁt‘;eg‘%c ddd pof a

metal, a semco or a dielectric on the substra em cal vapor
deposi ti on farmakObhin |AYAr of Chardteal ¥YapehidrEastsdr obPrOEESEa)ridt al so
can be used to etch the surface of a substrate, or it can be used to dry
the -subst roat dhel isgirptirprecishsnicahmyamyr plgnesitden der satiniags laysrer
2-propanol, .or . tetraethyl orthosilicate, TECS._Liquid recursors may al so
contai n sol PRI VRS T sEeRAFIELAR Qﬁoﬁefélaﬁﬁ rrp{%aaﬂé? & [?ﬁ\/p‘fedd?cé’sol ved in
a solvent sueh @% 4eihabVol of ULBle r3UTe ol GHi aPRCULSAr S, HUChH@S copper
(I') hexafl uoropentanedi onate vinyltrinethylsilane, (VIM)Cu(hfac),

substrate. Liquid precursors may be pure liquids such as

water, 2-propanocl, or tetraethyl orthosilicate, TEQS. Liquid

precursors may also contaiy solids such as st:J:ontium

dipivaloylmethane, Sr(DPM}gz, dissolved in a solvent such as

tetrahydrofuran. Some liquid precursors, such as copper (I)

hexafluoropentanedionate vinyltrimethylsilane, (VIMS)Cu{hfac),

are thermally sensitive and could be decomposed by thermal

sensors used in some liquid flow meters. Liguid precursors

are typically delivered to the vaporizer at a rate of about

0.1 gram per minute to about 50 grams per minute. Thin films

are important in the coating of optical devices such as lenses

and optical fibers. Thin films and thin film etching are also

. important in the manufacture of flat panels, microprocessors,

and memory devices. |

The flow device of the present invention is connected at

“its inlet to a préssurized source of liquid precursor. The
outlet of the flow device is connected to a vaporizer. The
‘valve for the flow device can be upstream or downstream of the

vaporizer. The outlet of the vaporizer is connected to the
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are thermally sensitive and coul d be deconposed by thermal sensors used in
sone liquid flow neters. Liquid precursors are typically delivered to the
vaporizer at a rate of about 0.1 gram per mnute to about 50 grans per
mnute. Thin films are inportant in the coating of optical devices such as
| enses and optical fibers. Thin filnms and thin filmetching are al so
important in the manufacture of flat panels, mcroprocessors, and nenory

devi ces. Theoht oW IGULEE Qhatle: pfl?asaen%oﬁﬁﬁ’i%ti%i§u}9%%gt% e its

inlet to a pressurized source of [1quid precursor. The outlet of the flow
devi ce i s aaaaeed ety O thevapapsdzer Fofheprotadseesf oreduieifiy owndendipde can be
upstream or downstream of the vaporizer. The outlet of the vaporizer is
connect ed tPECERESOXZ t FiLtEpks ocdey cHaMbeRs t D cdist aiv¥89t he sdbStrate to

Do LRy LR 4200 OB GEPSEST B! LA N LD 1 g0

e use ni cs of | ow"devi ce may

be connect gdntPoig .t 0PhiS pliRDfs CﬂﬂeeFroJéEsS Ho8L M4 Srdnld@e Py AsREFol 00l to
renotely control the flowof liquid fromthe pressurized source through

the flow reerflandcifntidgtthe Neat echey aporssten zedEx appiaes Wiroughpbhezer s
useful for chem cal vapor deposition processes .include heated netal frits,

heat ed met &LC¥cmedRE, #icht datovdifedicalnd nEaRWd2eHbi ng EXPPRESr 8F
vari ati ons L. Lie yessel s Gonkal gy ddie LA daopresuisorafandsesul t in
changes of TTqui | ow t'0the ~ vaporT zer. ar mal ecorrposﬁ’tl on of a liquid
precursor kfAcBude heated metal frits, heated metal screens, heated
| valves, and heated tubing.
Pressure variations in the wvessel containing, the liguid
precursor can result in changes of liquid flow to the
vaporizer. Thermal decomposition of a liquid precursor in a
thermal flow element can result in inaccurate liquid fiow to
the vaporizer. Poor flow control to the vaporizer can result
in incomplete vaporization of the‘ liquid due to vaporiz‘er
saturation. Incomplete vap;)rizafion will cause liquid
droplets to enter the process chamber and cause defects on the
substrate. The result of practicing this invention is the
elimination of thermal flow element to coﬁtrol precursor flow

and a repeatable and controlled flow of liquid to the

vaporizer regardless of upstream pressure fluctuations.
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thermal flow elenment can result in inaccurate liquid flowto the

vapori zer. Poor flow control to the vaporizer can result in inconplete
vapori zation of the liquid due to vaporizer saturation. Inconplete
vaporization will cause liquid droplets to enter the process chanber and
cause defects on the substrate. The result of practicing this invention is
the elimnation of thermal flow elenent to control precursor flow and a
repeat abl e and controlled fl ow ofwﬁgﬁéggtg)the vapori zer regardl ess of
upstream pressure fluctuations. 31 anpl € 3 This exanple illustrates the
use of an enbodTiiateximtliee ilprstsaebes i theentseorft an nedsWinerndot driter o

liquid flowto enable the delivery of. fluid to_a substrate for el ectrol ess
plating. NOFECEpetPYFEdrryto tiPE ek AR5 £oPFTUstiigred @ﬁﬂﬂ 5ﬂ RRVS nent  of

the presentg d{ ”\6%&%8%5{ CoP NG U4Sed t%ﬁlﬁ‘éx@éé“f e @ eﬁQQEE ess ﬂé%n%og{ low to

enabl e the di spense a series of ¢ onto a su te fo forma

netal fil mydreplspbbDgidd1QeeSERS extible ai PRS2 oW raa;t %&bdﬁﬁ@ar&m of
chem cals conmon to bath plating processes. Solutions of netals and netal

al | oys - uselfiijltffeorpqﬂsant ngnverdiogecamuve argedhoto |nmersued sogd spmivend,

copper, t.iny al l adium.  bold and tin. Catalysts are ten required to
activate t g;FEQFeEOtSH?Wh? 5ﬂ8tah§pe¥ﬁﬂ FH 6h. seﬁﬁ@§e°€a?é?@%ﬁ§}| ncl ude

col | oi dal Qﬁlltloa%' %stfﬁf@% &rrﬁpg' tm%ta @128@' i@d%ih%%&' lpgbgésse%nd
conductive polymners | pol ypyrrol e. e precious nmetals in sone of
t hese cat algpghsaafifbddsat eDOniaRk s | i3Sy aﬁe SX PR velandm@st €0 bath
B plating processes. Solutions of metals and metal alloys
useful for plating include, but are not limited to, silver,
copper, platinum, palladium, &old and tin. Catalysts are
often required to activate the substrates to the plating
solution. These catalysts include c¢olloidal palladium,
carbon, graphite, tin-palladium colloids, and conductive
polymers like polypyrrole. The precious metals in some of
these catalysts and plating solutions are expensive and waste
during the plating process needs to be minimized to make the
plating process cost effective. The metals in some of these
solutions are toxic and waste during the plating process needs
to be minimized to reduce envirommental discharge as well as

- waste processing and disposal costs.

For each chemical used in the plating process, the device

of the present invention 1is connected at its inlet to a
pressurized, pump fed, or gravity fed source of the chemical.
The outlet of the device is connected at its outlet to a

nozzle for delivering each chemical to the substrate. The
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during the plating process needs to be mnimzed to nake the plating
process cost effective. The netals in sone of these solutions are toxic
and waste during the plating process needs to be mnimzed to reduce

envi ronment al di scharge as well as waste processing and di sposal costs.

For each chemi cal used in the plating process, the device of the present
invention is connected at its inlet to a pressurized, punp fed, or gravity

fed source@fipthg.shemidzalene TREuOLEdLnRf Bdeaddavhs& i 6r connReised at its
outlet to a nozzle for delivering each chemcal to the substrate. The 32

t enper at ur siof the dedluéions nehe beulddeetaseding anbeaasedchandesy to
delivery to the substrate using a heat exchanger chiller, or resistive

heater el efBhtleTor oBx&RplEEivEopGEEST nEL ST Hay bgoﬂeﬁﬁﬁﬁi d oSy
substrate Ry an SLCOl §35siPLOCERS DY SRBLAELIG, | ey SUPSIEAhR LNr ough a
an ac t ol dal

first flow EEVICE Wt i'vator solution con ning co

pal | adi um pkbBss N byhecsithst iy etMé t Buwat edrdIStRgohsegomdrst | dwodevi ce,
contacting the catalyzed substrate through a third flow device with a

hydr ochl or devies d wtth vadn nqctsvdinsd orsoleghavact cerfaihéng ubse¥laticadhrough a
fourth flow _device with a volune of cogper,solution cQnt ai ni ng _a .source of

cupric ion?aél?ﬁﬁﬁbihﬁ”&@éﬁttgﬁcﬁ“EEt? TﬂghfﬁgfraUS&BWpFeii é?ggent such
as EDTA  apg.a Q@§§c§HCQog§m$ﬁ%%fﬁh%ﬁ‘c Wil Sdbshi&idh | @ washed

with water fromthe secon device. The electronics of the flow
devi ces mayhbed CofMAEt efbwiGe with a hydrochloric acid activating
o solution, contacting the substrate through a fourth £flow
device with a volume of copper solution containing a source of
cupric ion, a reducing agent such as formaldehyde, a
complexing agent such as EDTA, and a base such as potassium
hydroxide. The substrate is washed with water from the second
flow device.

The electronics of the flow devices may be connected to
the plating tool’s controller to regulate the timing,
duration, and order of liquid flow through each flow device.
The result is rapid and precise delivery of measured volumes
‘of each chemical to the substrate for each step in the
process. Chemical waste and materials costs are minimized by
delivering only enough chemiéal to the substrate to ensure
complete reaction. Contamination of the substrate due to
chemical drag out is reduced. 'The overall throughput of the
process is increased because of the rapid action of the flow

element and valve to reduce cycle time.
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the plating tool's controller to regulate the timng, duration, and order
of liquid flow through each flow device. The result is rapid and precise
delivery of neasured volunes of each chem cal to the substrate for each
step in the process. Chenical -waste and materials costs are mnimzed by
delivering only enough chemcal to the substrate to ensure conplete
reaction. Contam nation of the substrate due to chemcal drag out is
reduced. The overall throughput ofE;:%hfﬂlep@ocess is increased because of the
rapid action of the flow elenent and valve to reduce cycle tinme. 33

Exanpl e 4 Thi s Bxanpekempld usfinatestdshehasesofofamnertbaiiment of the present

invention to neasure and control liquid flow to enable.  deli verg of afluid
to a subst PREERY IEPAT P AT Beaire ea%tt?%&rok/bwél%ﬁ‘eﬁ?vctéﬁ epabii s

examle 11 LWELIAeS oY arydoyi oo of LS ALESeNl | RYAN LOMGaR:he Used Lo

neasur e an owto a SU strate to enabl'e precise coating

of the SUb&bﬁ@iIﬁ_] W t@oﬁéﬂesﬁécqm@lar@t erdnak. chh@bRCIIIICstIREST (16, a
photoresi sts, antireflective coatings, polyimdes, adhesion pronoters such

as hexarmet kiyvmead)ﬁz*atm pfesenbelisgention rraatnerhealt@edarm gohsyes sard e
comonl y dep05|ted as I|gU|ds or slurry onto a substrate in a spin coating

process. SHERETHatldfrdf st theld VBPsG R d %teé‘la%ﬁa?’f/e%’rse [F8#F Y29 ot at i ng
substrate Py IIeI xggbg an%@h n%él e Mﬁglgter %]% smateri a[glellgg&p@en

delivered to e su IS rota Speeds ranging from
about 100 h@téﬁ.@t@.sf pﬁhb@olté%llfseém ¥ng@flective coatings, polyimides,
| adhesion promoters such as hexamethyldisilazane, ferroelectric
materials, and sol-geis are commonly deposited as liguids or
,slurry onto a substrate in a spin coating process. Such
materials are delivered to a stationary or slowly rotating
substrate by a fixed or movable nozzle. After the material
has been delivered td the substrate, it is rotated at high
speeds ranging from about 100 to 5000 rpm to uniformly coat
the substrate with a thin film of the liguid material. Many
of these materials are costly and it is important to minimize
their usage and waste in the coating process. Repeatable
coatings require that consistent volumes of material be
delivered to the substrates,
The inlet of the flow device of the present invention is
commected to a pregsurized or gravity fed vessel containing
the coating £luid. The flow device outlet is connected to a
nozzle on the coating tool. The coating tool has a substrate
mounted to a rotating chuck. The coating fluid is delivered

to the substrate on the tool through the nozzle; flow of
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the substrate with a thin filmof the liquid material. Many of these
materials are costly and it is inportant. to mnimze their usage and waste
in the coating process. Repeatable coatings require that consistent
volumes of material be delivered to the substrates. The inlet of the flow
device of the present invention is connected to a pressurized or gravity
fed vessel containing the coating fluid. The fl ow device outlet is

connect ed t@aindlOZRA)i@ @B the RO INGd eBLrrFNRACPt LR EOQ} dradca
substrate nounted to a rotating chuck. The coating fluid is delivered to

t he substr and ditst velteol tibeouglectheninez zife;tHe oiicnf de84ceoabyngefluid to
the nozzle is controlled by the flow device and its valve. The el ectronics

of the floWHBEFRI ney BB dORMEEL €@nERPLIRE tiool eBaRIgnt Foft | EPCt o@nabl e the
tool to C%BBEJ?(Ll t rt‘l.%et ! ﬁ&%%ngﬂ& atreat.foa}c 089 atcloggiglr_l:j u;ﬂluq_ﬁt 0 :E[lthoe tﬁngt rate.

By el ectronic communicatt on t he W device, e coaling tool may

vary the flsubgedd@w bt @1@8tLodile conlnidatienasithf UREt EDHy adeiedzl e
position and substrate rotation rate in order to achieve a desired

coating.” Thbe rdaatdpyodessormandveont tbe |Bgié dflawherdtcowouteyi the
el i m nat es éhe variability of coating fluid volunme and delivery rate due

to pressur 8WETAE AR Bn PHENIEESAL cBMAELHi RRFITHERc ARG nFPFHEEE. The
result is EBrﬁaéjfdﬂ VeLY Ofy, 8,60 rol 'E&i‘é‘?f}e” fsir‘égat&oggir%i.”! df0 the
substrate. I's result mnimzes chemcal waste and resu in nore
uni f or m anfliéeReai-abisr £L@ALLAGrSH 194ER SURSLI 8188 device eliminates
. the variability of coating fluid volume and delivery rate due
to pressure variations in the vessel containing the coating
fluid. The result is the delivery of a controlled voluwme of
coating fluid to the substrate.  This result minimizes

chemical waste and results in mwore uniform and repeatable

coating of such substrates.

Example 5

This example illustrates the use of an embodiment of the
present invention to measure and contrel liquid flow to enable
the delivery of a fluid to a substrate for reaction with the
subst:ate. More specifically, this example illustrates how an
embodiment of the present invention can be used to measure and
control the flow of a reactive liquid onto a substrate.
Examples of such reactive liquids include, but are not limited
to, positive or negative photoresist developers, photoresist
strippers, acids such és hydrorfluoric acid, oxidants such as

ozonated deionized water, or etchants such as peroxyacetic
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Exanple 5 This exanple illustrates the use of an enbodi ment of the present

invention to neasure and control liquid flowto enable the delivery of a
fluid to a substrate for reaction with the substrate. Mre specifically,
this exanple illustrates how an enbodi nrent of the present invention can be

used to neasure and control the flow of a reactive liquid onto a
substrate. Exanples of such reactive liquids include, but are not limted
to, positiwyg;i@r negative photoresist devel opers, photoresist strippers,
acids such as hydrofluoric acid, oxidants such as ozonated dei oni zed

wat er, or etchdflies SuUeh ag perfioyadetric: &5 tde ¢refhpti bheintdbnaif| ow
device of the present invention is connected to a pressurized or gravity
fed vessel COBREE P & hRr9XCEER PF uFERVITHe FefoWsdasi c B INeRY i s

connect ed a. nhazzle_.or.a s nozzl e .on t,oql_. ctjve fluid is
del i vered Etget ﬁ%a%aiggt Fg‘tl:é&on f?a% ftlg‘?)léetvﬁfgu%‘?&t te%r?oszIg?Jt% I Eéév %f

reactive fldighd @it e spezg! ohNet BE £100ltobs. CONtED! bty tiedf Low device
and its valve. The electronics of the flow device nay be connected to the

t ool 's condediveredt deentEid esulfsErateooh - the contdt okhtdght | thenqnagader at e of
reactive fluid flow onto the substrate. The el ectronic¢s of thiﬂ]f | ow devi ce

may be coRhBEtd FERFBLEH Nt 5ol the agrttoIoReEPE ot P dECEPHT CehEDoi nt
det ect or ?"’Bﬁrﬁk’é’ ARG Ldawd ahg 9%5 37%%&! Vel E%gcﬁ?or%'%gug?dc f1gkopped as
the reaction endpoint is approached or Is Teached. n exanpl e of an
et chant praeesse mSyt B& ¢aiR¢akdofo aORPESoN TsOFbntroller to enable the.
tool to control the timing and rate of reactive fluid flow
onto the substrate. The electronics of the flow device may be
connected through the tool’s controller to a reaction endpoint
detector whereby the flow rate of reactive fluid is reduced or
stopped as the reaction endpoint is approached or is reached.
An example of an etchant process is the removal of copper from
the edges of plated wafers using peroxyacetic acid. The result
is the delivery of a controlled volume of reactive fluid to

the substrate and accurate control of the process endpoint

using an embodiment of the present invention.
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the edges of plated wafers using peroxyacetic acid. The result 1is the
delivery of a controlled volune of reactive fluid to the substrate and
accurate control of the process endpoint wusing an enbodi ment of the

present invention. 36 Exanple 6 This exanple illustrates the use of an
enbodi nrent of the present invention in series with chem cal sensors to
nmeasure and control liquid flow and conposition. Mire specifically, this
exanpl e illustrates how an embodi ment gfndhie gpr esent invention can be
conbined with one or nore chem cal sensors to enable the control of fluid

flow and fluid dddposkenpie ilApptiatEsi thse where suclkmbodimoilt o drsirabl e

i ncl ude but are tncat I i{;rited, to plating baths, RCA cleaning baths, ozonated
wat er bat hs P 8hd hydPSFF St i T° aG deBalhth EigEcadpprreets difs me@§HBE ni ng

such sensor gn¥ tdh e ! f. th t_inyention inclu
mai nt ai ni ng the pﬁ?&ngggg@gﬁ%c’mvpcaa %é’?‘ﬁsgl grrl'exéder?ﬁﬁe?p?%gjﬁﬁrdﬁﬁ’ up of
cont am nant $hisuekergelepat tiwzit@ates OhGANE MabeRidd: OF MRbalpAeQB8: 1N a
recirculating bath may require that the bath be periodically bled of
cont ani nat ed?VENtAPH %Y hee grabbrpdrivi bh avnee qui wote nthewdbaheseofsors to

he bath may be switched to a

uncont am na fluid. Alterpatively,. t 3 ] t
purifier o%ggphélret i %fee. Tclof’%]é?ft 8*r e%}é’ t APt oRPEm HdHts GRfRASitieR nt ai ni ng
a constant ApWckeishd Hdelsubr BLOLLS! igz‘%esﬁgéﬂfe“ti Bﬁgsgu@“QreDrOd”Ct
until the.contam nation can be renoved. one di ssol ve& I'n deioni zed wat er

is used forngthelimited to plating baths, RCA cleaning baths, ozonated

' water baths, and hydrofluoric acid baths. Other applications

combining such sensors with an embodiment of the present

invention include maintaining the purity of a chemical bath.

For example, the build up 6f contaminants, such as particles,

organic matgrials, or metal ions, in a recirculating bath may

require that the bath be periodically bled of contaminated

- fluid and replaced with an equivalent volume of uncontaminated

“fluid. Alternatively, the bath may be switched to a purifiex

or particle filter to remove the contaminants while

maintaining a constant flow rate in order to protect the

current process and product until the contamination can be
removed.

Ozone dissolved in deionized water is used for the
removal of organic materials from the surfaces of various
substrates. Fluctuations in ozone generator output gas
concentration and water flow rate leads to variations in
dissolved ozone concentration. Such dissolved ozone

concentration changes lead to variation in the time required
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removal of organic materials fromthe surfaces of various substrates.
Fluctuations in ozone generator output gas concentration and water flow
rate leads to variations in dissolved ozone concentration. Such dissol ved
ozone concentration changes lead to variation in the tine required 37 to
oxi di ze the substrate surface with the ozonated water and causes

i nconsi stent process results and cleaning tinmes. To naintain the

concentration of. dissolved ozaone in ver f.haw gl eaniNgRat-han@n
enbodi nent“®of*t J&%f‘i’feﬁf’gﬁﬁﬁ%?tn isélr]ffg%s ‘g%tﬁ{let&geg o a source of dei oni zed

water at ibSaddli8loRffhtdnkSpotdf rbSuneNaagt@dahing waescont actor. A gas
contactor 1is a nmass transfer device capable of dissolving gases into

| i qui ds. Exanpiesnaftatnh tilevicoasermmdt donlestr dprgcdeds CEfRs ril opRrati on are
available fromW L. Gore, El kton, ‘MD,  and I}r_/yk%ol i s Corpgrati QP"‘

Bi | | eri caovRRElq, SREARIRT foSHy af (TBRESTGNSFatlF B 2GR i VEFEG T0 the shel |
side of the gas_cqnt.actor I Is Al 0,¢ herdeipBi-zagdawat er

fl ow ng tﬁrsogaﬁneqt%ﬁg t%ﬁ’bgs S%@%%‘%eé%é%l%g%ég?ﬂg?@%ﬁ% g%ncent rati on of ozone
di ssol ved jitd bixelMAL@r chsndmasuteda hya dnssetored ozoges carte@etibration .
moni tor, available fromIN USA, Needham M\, connected to the fluid outlet
of the gasiscentmetortrafiséer odepite stapebilef PEMILRBOHI1EG0|9E8° 02 BHR

concentration nmonitor |s used a n j nput _signal_ into. I . roni ¢cs and
ni cr opr ocdgvtdsnf EFETPLRy ‘%fe\ﬁ"t?gl g‘f“”t ﬁflés%n e%C%&ég%%rgﬁqf t%%!eL£

el ectronics, mmiCropIOCessory . ARd S0t el 1,00i6r0f EhReomr e@eNt ahavention
w il vary Pﬁe% ow rate ozg wat er t hrough the
. Mykrolis Corporation, Billerica, MA. Ozone gas from an ozone

generator is delivered to the shell side of the gas contactor
where it dissolves into the deionized water flowing through
the tubez of the gas contactor. The concentration of ozone
dissolved in the water is measured by a dissolved ozone
concentration monitor, available from IN USA, Needham, MA,
connected to the fluid outlet of the gas contactor. The
output signal from the dissolved ozone concentration monitor
is wused as an input signal into the electronics and
microprocessor of 'the flow device of the present invention.
The electronice, microprocessor, and control logic of the
present invention will vary the flow rate of water through the
gas contactor, within preset limits, in order to maintain the
concentration- of dissolved ozone within a predetermined
concentration range. For example, if the concentration of
ozone gas output from the ozofne generator decreases, the flow

of water through the gas contactor can be decreased by the

flow device to maintain the dissolved ozone concentration.
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gas contactor, within preset limts, in order to maintain the

concentration of dissolved ozone within a predeterm ned concentration
range. For exanple, if the concentration of ozone gas output fromthe
ozone generator decreases, the flow of water through the gas contactor can
be decreased by the: flow device to maintain the dissolved ozone
concentration. 38 Alternatively, the electronics of the flow device of the

present i nvent]%Al Q?%%g%‘t;%fyq_s%gé Ip.Mar i%ge?P%e fggﬁeé@ige gascnil ow rate,

or power | evel i t'STanal og ouf put's or 85 out put or other

sui tabl e pRags Wil RBLA@NbRGuded i e darpates ddmw saherdtoroggh the gas
contactor regardl ess of water pressure upstreamof the flow device. For

exanpl e, ifflowheatepneenpoed drevel, dbgsuobeedf oibaearxiage A3 TUPE et er mi ned
threshold while the flow of water- i.s constant,, the, power to ft.hedgenerat or

can be de®S68SchtRNtr eguRidhEUHERIENFRART JRidF THAEEITVRY B Fdreback to

1S proper.|evelo e LeotlledS the GONEQlLEoP ERAAILaN dNdaleli very of a
|

| t
chem cal Mexthred raé:gnstfraonlfg conpo ion to a substrate by the use of an

enbodi nen,fsbhe BiaseRh bRVenti efow ExamMMe 7 AdY seexdbpl eifl kbstrates the
use of a venturi systemwith a heat exchanger to repeatedly heat and

neasur e aedncemtraglion| iqli dibkolwvedo erabt e axgeeds sp?en@éeéqit%f“\m?ﬁ_ne liquid
2. 25§ neh CPRETH i Ge Loy A | FLF ST SRBFFSaiid L EuBB"RBal Sexchanger
prepared %ﬁetggne%ttgg‘d cgfl 5194 %%gegge& %o reduce the concentration of
| . dissolved ozone back to its proper level. The result is a
controlled preparation and delivery of a chemical mixture of
constant composition to a substrate by the use of an

embodiment of the present invention.

Example 7

This example illustrates the use of a venturi system with
a heat exchanger to repeatedly heat and measure and control
liquid flow to enable the dispense of a volume liquid at room
temperature to a high temperature for subsequent processing.
A 2.25 inch ineide diameter by 18 inch length shell and
tube heat exchanger, prepared by the method disclosed in co-
" pending application USSN 60/326357 filed 10/01/2001 and
entitled: CLOSED LOOP HEAT EXCHANGE APPARATUS and included
herein by reference, was connected on its ghell side to a
source of water heated to 70 degrees Celsius flowing at a rate
of 1.46 liters per wmimute. A source of water at 23 degrees

.Celsius_ was comnected to ‘an ewmbodiment of the present
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pendi ng application USSN 60/ 326357 filed 10/01/2001 and entitled: CLOSED
LOOP HEAT EXCHANGE APPARATUS and included herein by reference, was
connected on its shell side to a source of water heated to 70 degrees
Celsius flowing at a rate of 1.46 liters per mnute. A source of water at
23 .degrees Cel sius was connected to an enbodi nent of the present 39
invention at its inlet. The outlet of the valve in the present enbodi nent
was connected too the inlet.fitting.of th u hde he;heat,eexchanger.
Tenper at uF& e fat &F° S toTér)1 e?uE:%g&si%gesdg%d ‘tp%lgreoutlet of the tube

side of the dgat BXaNARGE WEEEnABASI ad el ihype tienngcodpkes and data
were | ogged using an Agilent data |logger. The flowrate and timng of

li qui d wateise des@ensé ¢hel @sat neschimgaubeengferehere heht tBRcHREGEr was

controll ed by the flow device el ectronic an | apt op_.conmput The
di spense &9t¢te teadhentir &idgsand VH}%P“&EFFV%?e%‘et 58}??1e53t u é’g E%F 15

seconds flowrate of a 1lJilite o iee fl ow
s R A AT e

st opped f Séc e exchanger” tube inlet water

t enper at Uy tURRRULLEEg Wi BlyileAbeaaidirogaRd . Nneaser £ [mawe eatle for a
nunber of dispense cycles is shown in Figure 11. The results show

r epeat abl eimfeld v \Lighi@0@atwd Wikpewrse vaahess inge theuireRegfedPProm 23 to

67 +1-0.9 Celsius by this enbod] t. of the_presgnt in j W.th a heat
exchangerheats RFhanget Bas C‘Eﬂﬂtﬁolﬂ)ggﬁs% Ry Elg‘ﬁ”di SYonT néf eex%{;'llé&rﬂf%er ature

of fluids_ used in.singleWeler ciansiherfch ol esscidl ke, wadevel oper or
resi st strippl ngr&f)r(?gessgs.

S water delivered to the tubes for 15 seconds at a flow rate of
about 20 milliliters per second, water flow stopped for 45
seconds. A plot of the heat exchanger tube inlet water
temperature, tube outlet water temperature and measured flow
rate for a number of dispense cycles is shown in Figure 11.
The results show repeatable delivery of 300 milliliter volumes
of liguid heated from 23 to 67 +/-0.9 Celsius by this
embodiment of the present invention with a heat exchanger.
Such a system could be used for conditioning. the temperature

of fluids used in single wafer cleaning, electroless plating,

‘developer or resist stripping prqcesses.
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40 Exanple 8 This exanple illustrates the use of a venturi flow system to
enable the delivery of a fixed volune of liquid at a fixed flowrate with
precisely controlled tenperature. A 2.25 inch inside dianmeter by 8 inch

| ength shell and tube heat exchanger, prepared by the nethod disclosed in
co- pending application USSN 60/ 326357 filed 10/01/2001 and entitled:
CLOSED LOOP HEAT EXCHANGE APPARATUS and included herein by reference, was

connected on its shell side to a gsaonLee Hf water heated to 26.8 degrees
Celsius flowing at a rate of 0.5 Titers per mnute. A source of water at

23.4 degrees GRiSiUS RS £ORREEhEL dealsendrod Fantwal fibe pyesent
invention at its inlet. The outlet of the valve in the present enbodi nent
was connecice@ntblé hehd medtvéiy tifng Gixedevolumbecsidavdfl fheahEltedexchanger.
Tenperature of the water inlet to the_tube side and the outlet of the tube

side of tHaowhsate SddhaRERILSRAY CHHIEOH8Y TRPPSERYHE t her nocoupl es and dat a

was | ogged usi ng aBs'A%c'ﬂ?”{ns%%adE%ﬁQ@ér P& f1RW rah§e@nghell Nmy Of
liquid water d sﬁe‘nse cyclesinto e tubes of the heat exchanger were

control | ed ¥ tharf Lowngui-cepadesiddonyC $heandtinod afisoposahplt era- The

di spense cycle each mnute was: water delivered to the tubes for 5 seconds
at a flowpeatiéngf apoisatRen niyssH i 667327 séeberdl, WH0dY289bw ¥tpped for

10 seconds. A plot of the heat exchanger tube in wat er .- ature,
tube out | entiiled: t eFpRTER JOOF %Tngﬁ(gﬁﬁg%eflf‘%%f{kﬁ? ea%"‘gr lggﬁﬁﬁ) er of
di spense gycles "5y shawg,, & Pl e difrected on its shell side to a

source of water heated to 26.8 degrees Celsius flowing at a

rate of 0.5 liters per minute. A source of water at 23.4
degrees Celsius was connected to an embodiment of the present
invention at its inlet. The outlet of the wvalve in the
present embodiment was commected to the inlet fitting of the
tube side of the heat exchanger. Temperature of the water
.inlet to the tube side and the outlet of the tube side of the
heat exchanger were measured by J-type thermocouples and data
was logged using an Agilent data logger. The flow rate and
timing of liquid water dispense cycles into the tubes of the
heat exchanger were controlled by the flow device electronics
and a laptop computer. The dispense cycle each minute was:
‘water delivered to the tubes for 5 seconds at a flow rate of
about 20 milliliteré per second, water flow stopped for 10
seconds. A plot of the heat exchanger tube inlet water
temperature, :tube outlet water temperature, and measured  Llow
rate for a number of dispense cycles is shown in Figure 12.

The results show repeatable delivery of 100 milliliter volumes

41




The results show repeatable delivery of 100 mlliliter volunes 41 of
liquid maintained at a tenperature of 26.035 +/-0.095 C using enbodi nent
of the present invention with a heat exchanger. Such a conbination coul d
be used for accurately mmintaining the tenperature of a fluid such as a
photoresist. Exanple 9 This exanple illustrates the use of a capillary
systemto neasure and control quuid flow to enable the delivery and

control of |ow vol umetrl c flows of an organic li GasA 4001 psh &ength of
PEA t ubi n®tha\idsddafiet N g didimét r°P6F f‘01117(?580 %es and about 14 twists

i s useful ! p dr %hgr’rej?{. henpehadntienof witte ianl @ékatluid, for
exanpl e 2- %r%pa%ﬁ%%i&ﬁ%% | d be ab 6228?',3 degrees Cel sius and can be

measur ed RigcRahB@r M Sl Dncohignauibmceowd tive hbolv forspeEEtERYel enent

with tenperature input to the tenperature np modul e. of the
el ect r oni cwingeiminashs Hmperatury gfre Bpid f‘b‘ﬁbﬁﬁn%lﬁptwﬁsj&&/essel

pressuri zed at about 20 pounds per square inch gauge with nitrogen or
argon gas. 2- propanol flow rate is nodulated by the controller setpoint.

The setpoint can be input.  to the EkEhORY @cessor by an external tool
control l er through the RS485 or atXiTrary anal og i nput nodules, as shown

in Figure 21, ohig t'aaﬁbbe:t:rldmstsats%&ttbm useTlod pestpilliagyasYFiGH §§?st em

capabl e of delivering a uid at flowrates ng r kg0 008
grans per meaSuhd 69‘1160“ iswid mfﬁﬂ‘t’e*)zotSn%'%]g%t&(‘JQS ejﬁa@ﬁggper second

|(|ng| gr A %01 Of te)vol%‘f'n%@rf‘c f1QWs Syst %%k&arﬁ%og@ﬁﬁl@f control l'ing
s A 40 inch length of PFA tubing having an inside diameter
of 0.058 inches and about 14 twists is usefﬁl as a pressure
- drop element. Temperature of ti‘xe inlet fluid, for example 2-
propanol, should be about 23 degrees Celsius and can be
measured by a thermistor on the surface of the flow
restriction element with temperature input to the temperature
sensor input mo.dule of the electronics system as shown in
Figure 21. 2-propancl is ir; a vessel pressurized at about 20
pounds per squaré inch gauge with nitrogen or argon gas. 2-
propanol flow rate is modulated by the controller setpoint.
The setpoint can be input to the microprocessor by an external
tool controller through the RS485 or auxiliary analog input
modules, as shown in Figure 21, of the electronics system.
The result is a flow system capable of delivering a liquid at
flow rates ranging from abouf 0.008 grams per second (0.16
grams per minute) to about 0.5 grams per second {9.6 grams per
minute). Such a flow system is capable of controlling liquid

at flow rates suitable for chemical vapor deposition
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at flow rates suitable for chem cal vapor deposition 42 ------- - em-----
processes. Exanple 10 This exanple illustrate the use of an algorithmwth
a venturi systemto nmaintain constant vol une dispense during a change in
upstream supply pressure. An enbodi ment of the flow device of the present
invention device was assenbl ed using a concentric venturi, Teflon(r), 3/8
inch Flaretek(r) fittings, flow elenent, two NPI-19 series pressure

sensors fromé_éjs%%%NovaSensor Fremont, CA, and a proportioning control

val ve EAD §f@ pper notor, nodel LIM3E- 10X03 with nodified | ead screw and a
Sager electric positioning sensor nodel EE-SX770PR for determ ning the

st epper notor and val ve hom ng position. The val ve body was from Parker,
nodel PV-10 with nodified poppet. ERamps ddsure sensors and val ve were
interfaced with el ectronjic hardware. . .Fl ow rat and .pres llenr1 ﬂqltpélt from

the flow devi ceeFeCERBRIT s I WEE LRk ottfedH5h 2 ar’bhﬁlcggrl e tomput er
using a grgglgtl%[ql sysieh %Qtﬁéixﬁ:%ﬁn LBEsd dMeelyohmé h§1e\’rf‘é?1tsw'duﬂr93"’ £| ement
0

was connecte a  pressuril zed source of water. The water was contained in

a ball ast chaide Suppbsettani shpfiepsessrdy a nodel 405A liquid punp and
pressure switch from M cropunp, Vancouver, WA. The pressure |n t he bal | ast

tank was al | owdar egbeyinanthef weken f20w %%3050‘Eﬁﬁj§’rﬁé?m’sd@é{?8 i%Mh gauge.

Liquid dlsggiggé qggsaggeégled using a concentric venturi, Teflon®, 3/8

inch Flaretek® fittings, flow element, two NPI-19 'series
pressure sensors from LucasNovaSensor, Fremont, CA, and a
proportioning control valve EAD stepper motor, model LIMGE-
10X03 with modified lead screw and a Sager electric
positioning sensor model EE-SX770PR for determining the
stepper motor and valve homing position. The valve body was
from Parker, model PV-10 with modified poppet. The pressure
sensors and valve were inferfaced with electronic hardware.
Flow rate and.pressufe output from the flow device electronics
was recorded on an IBM compatible computer using a graphical
user interface.

*;& The inlet of the venturi flow element was connected to a
pressurized source of water. The water was contained in a
ballast tank supplied with pressure by a model 4053 liguid
punp and pressure switch from Micropump, Vancouver, WA. The
pressure in the ballast tank was allowed to cycle between 20
and 33 poundsrper square inch gauge. Ligquid dispense mass from
the flow device was measured on a Mettler Toledo PR8002

balance and recorded on an IBM PC compatible computer.
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the flow device was nmeasured on a Mettler Tol edo PR8002 bal ance and
recorded on an | BM PC conpatible conputer. 1/3 The dispense tine for the

fl ow devi ce was about 10 seconds on and about 20 seconds off. Programmed
flowrates of 10, 15, and 20 mlliliters per second, for total dispense
vol unes of 100, 150, and 200 mlliliters, were repeated a total of 23
tinmes as the pressure in the ballast tank changed between 20 and 33 pounds

per square inch.. A portion of the r I IS i3 cFi & 14 The

resul ts show arnel %%Fe&ﬁec iR r%l’r s?é%e%ﬁfagr %ﬁé’?at@ﬁg %ge flow of fluid
t hrough the geat rdctaine abLew &l efmBhayv é#¥ . t enpeygabikine] aildwpresssir e sensor
inputs into a mcroprocessor. The m croprocessor has capability for
storing ard accessi rend stomedlintidrat edr opedantut ifonakotal £SBREAT ps bet ween

kinematic viscosity and tenperature of  a er of fluids has t he
capabi | i t yolwrescapEul8Pi nd>8 t éﬁﬁe?%uf“é%ﬁﬂ%&%d Wﬁf%sgt??%%e I o%. The

results further ilJustrate abl | of; \t bge FhOWasHevige anggeliect ronic
systemto 8%? voefr ég’oﬁt&fmsa’ eérll% h’ﬁlg‘l g’%%és'é&o&fe i qu?d as atshe upstream pressure of

the |iqui Geef@tues. ahd 3NQouliis RRr sgeasotinchhe total vol ume of fluid
di spensed per unit tinme is calculated, summed, and conpared to the

setpoint. Cork epbitoits: tof t hbe dirspektse 9 nebewe HJELBYS hd? contfol | ogic

to adjust for_pressure changes in the systemand nai I Lhe tHLspense
vol ume andefrbw r3fiow. aT‘heelﬁfQ‘Eﬁ@Hé;e SP8Ft %tee?nmfggd%ﬁlo%rﬁlgge bal ance data

for the 23,4l SRENSES. RS thA0ngh : 48123t ik 20160 Wikhédd t @ishwi th

standard déviations as a percen
- temperature and pressure sensor inputs into a microprocessor.

The microprocessor has capability for storing and accessing
stored tabulated or functional relationships between kinematic
viscosity and temperature of a number of fluids and has the
capability for calculating a temperature corrected pressure
drop. The results further illustrate the ability of the flow
device and electronic system to deliver consistent volumes of
liquid as the upstream pressure of the liquid changes. In the
microprocessor, the total volume of fluid dispensed pér unit
time is calculated, summed, and compared to the setpoint.

Corrections to the dispense time are made by the control logic
to adjust for pressure changes in the system and maintain the
dispense volume and flow rate. The dispense volume determined
from the balance data for the 23 dispenses was 100.97, 151.23,
and 201.50 milliliters with standard deviations as a percent

of dispense less than 0.4.
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of dispense |ess than 0.4. 44 Exanple 11 This exanple illustrates the use
of an algorithmw th an enbodi nent of the present invention to calibrate a
flow device for use in multiple fluids using a single standard calibration
fluid. For a venturi flowreter, the equation devel oped here is used to
calculate the volunmetric flowrate for any liquid. Figure 22 is a
description of the theory relating fluid flowin a venturi to pressure

drop,. cross sectional area, and fl ULE. dyisSqesity. . . - R11 If one were to

consider in Figure 22 the termas tric coefficient', one could
replace it andpthe o0hsehas 98, &9akEL CiRNtuseCorWah N Byesisngh ewbanhimed
calibration coefficient, C . The resulting equation can be generalized to
t he form GaBodPARIP)CE, thbepeeddne éxpondnt ho isldpproxiadileydeVi® and is
determ ned experinentally. Take flow neter with two g£ SS&B&FSEHSOFS and

pl ace on afor sge i AwdtARYE nflu dr BeE @ StadtmFeaferd o dar d.

Measure the fluid_flow as a functio t f 8ondd ESSAY € sensor
di fferenc 3~ at TPEagt vteﬁgu]fll U|ﬁ e ?Jdur%%lgﬁhgﬁ%%? qf%;)él' ?Iésul ts of such

nmeasur enenfs @h +Hree fldicdStne Wl1@het ZEPrARANGALe afk angl Yteuide
18% 2- propanol 82% ww 45 m xture. Fit each fluid data set using a power
function heigung 22 is a description of the theory relating fluid flow 1in.

a venturi to pressure drop, cross sectional area, and fluid

viscosity.

If one were to consider in Figure 22 the term as
the ‘geometric coefficient’, one could replace it and the
. discharge coefficient, C, with a single combined calibration

coefficient, C’. The resulting equation can be generalized to
the form Q=C’ (zAp/p) B where the exponent n is approximately

0.5 and is determined experimentaliy.

Take flow meter with two pressure sensors and place on. a
test stand having a pressure standard and a flow standard.
.Measure the fluid flow as a function of the output of the
pressure sensor difference for at least two fluids. Figure 15
shows the results of such measurements for three fluids:

water, 2-propanol, and a glycerine 18%/2-propanol 82% w/w
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a pre-exponential coefficient and exponent. Since C =Q (2AP/p)", one could
plot "Q vs 2aP/p', to obtain values of C as shown in Figure 16 and
determine a calibration coefficient and an exponent from a nat hemati cal
rel ati onship between the flowrate, the fluid density, and the pressure
drop data for each fluid. For exanple, a best fit of the data for each
fluid using a power function nmathematical relationship gives a function

havi ng a pre-exponegnti al efficient .C_ and a (o] . jQure 16
the pre- &Xpomefti att fea‘—"(:‘:tho%SEE:“I de%a\/\%etterquuslgf&b%Qang thlgneﬁﬁ‘{)ir?e@ﬂt n. is
0. 5342. Al 1 OB bBS AR St clentOlaniiepnan cur ve fit - equations of all
three curves In Figure 16 are about 0.54, the Cr calibration coefficient
pr e- exponenti algifast er sQ,a(%P/ﬂj“f,f ehentcohoa gash fOui ds Thgrg'codld icients
are plotted against each ulfd's kinematic viscosity v, as shown in Figure
17 and a ngithamtigaksr @fatgronshighobet waerrilghee cabi kndt derermdoef fa ci ent C

and the kinematic viscosity for each fluid is determ ned. For, exanple, the
best fit staldibghtipnneogfiiaientt ped van ue¥Beneyt alrol fuMatrsiabtci nemat i c

viscosity as shown .in Figure 17...The abili .ge i, ne ue of the
coeffici entSIEtLOBPRRLELHESR o e EDY a’fa%et’ h§£¥l Eol\?bll(réa%lgﬂ%}t'}énép Iﬁgi?éd f1 owi ng
through the.particylgs YA Yo SRbeE1IMEN fod heahbDyy anBesdbrid nefmat i

vi scosity ranges investigated (provided the flowis
the data for each fluid using a power function mathematical
relationship gi;res a function having a pre-exponential
coefficient €’ and an exponent n. In Figure 16 the pre-
exponential factor C’ for water is 4.0001 and the exponent n
is 0.5342. '
Although the exponents, n, of ,ther power curve fit
equations of all three curves in Figure 16 are about 0.54, the
c’ calibration coefficient pre-exponential factors are
different for each fluid. These coefficients are plotted

against each fluid’s kinematic viscosity y, as shown in Figure

17 and a mathematical relationship between the calibration
coefficient C’ and the kinematic viscosity for each fluid is
determined. For example, the best fit straight line yields
the value of C’ as a function of kinematic viscosity as shown
in Figure 17.

The ability to determine the value of the coefficient C'
allows one to calculate the floﬁ rate of any fluid flowing

through the particular venturi meter within the £flow and
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turbulent). In a preferred enbodinment this flow nodel may be further
refined to conpensate for tenperature dependent changes in fluid
properties ( and p) by defining a new coefficient "K ~which incorporates
the C coefficient and variable fluid properties so that the fl ow equation
becomes Q=KAPn, where K= C (2/p)n. For a concentric venturi flow sensor,
the relationship between K and tenperature for H2O and IPA is shown in

Figure 18.x;1BRse:idaldREerAvainkabl entdbiilackat esnatbenatnritdwcals Tabl es
of Nunerical Data. Frdmthese data a mat hemati ca rel ati onshi p between the
cal i brati ortugbeléatli.ent "K' and the kinematic viscosity for each fluid as
a function of tenperature is determ ned. For a0 lLe a best fit

pol ynomi al,  pr&F R rREPAEGFCE HEHGHLURR] *?Weﬁthg)rim J PRYsPHaf % YisFes K as a
function of etéfﬁgg%;? Ur & @8 SRQWEJ N 'Eérﬁ:!égr%itélgvef ‘raE}[)érPd%n@”Q:ha LEr -inl N order

to verify t one“rmay conpare t ate versus pressure drop

data to theicabcpkatditkow rade. ) By HfSnShOWM hdv Rogiikecildhtf ork-wat er and
| PA using K and tenperature of F4.0C for water and 23.6C for |PA The

resul ts formgkMCceridaepbbPtdsS € cil at eskdrasednonlandonvdziabne frmngerature
‘correction). If one has enough calibration data on a particular venturi
met er desi gwopehiates ssot hpatesheyrflios webhtidy phramast @i R8d, whére ke
exponent, "n' of the flow equation

Cr(2/p)".

For a concentric wventuri f£low sensor, the relationship
between ‘K’ and temperature for H0 and IPA is shown in Figure
ig. These data are available in the International Critical
Tables of Numerical Data. From these data a mathematical
relationship between the calibration coefficient ‘K’ and the
kinematic viscosity for each fluid as a function of
temperature is determined. For example a best fit polynomial,
preferred for the present invention, to this data gives K as a
function of temperature as shown in Figure 18 for IPA and
water.

In order to verify the model, one may compare the flow
rate versus pressure drop data to the calculated flow rate.

This is shown in Figure 19 for water and IPA using K and

temperature of 24.0°C for water and 23.6°C for IPA. The

results for glycerine/IPA is calculated based only on C' (no
temperature correction).
If one has enough calibration data on a particular

venturi meter design, that is the design is well
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"Q=C (2AP/p)n' is constant, and that the slope "m of the coefficient
equation, "C=b - m/', is also constant, it should be possible to
calibrate other venturi nmeters of that design wth a single flow rate,
using a single fluid, at a known tenperature. Once a flow neter is
calibrated, the device can be used in other fluids whose kinematic
viscosity and density as a function of tenperature have been inputted to
the menory chatatherigle@Gt AN enhi Egiblen@!, MET OPE 0GBSS OfLow ] Ce@R@ABRDdat €
variations in venturi neter dinensions due to manufacturing tol erances,
the only unkrowmmazhe?valisiecofistadt, iand hehatoefdd ckboe etpfat 0Hnthray be
determined fromthe relationship b=C_ + nv; since the value of "m, the

sl ope, is csaoniciantd eGuatidn?2aPtRBm { @,andifAR1abecdnarmtheitf |dwuldt e vs.
pressure drop data point, and kinematic viscosity v and density p are the
ki nemat i ¢ besposkiylandh densbtatcofotthiee veatubi atdtensf biii thatespeduinvel y t hen
b=Q (2aP/p)n + W 48 CLAIM5 1. A flujid flow neasur.i ng and praoportional :
fluid fl ow"iEBner c1ingeei E&O¢ ofipresi W% Pr SPFE drtdi-f | 8l FalV€"Ravi ng a
f l Ui d I nl ette ngr aturfel Ui gnggta! %l;owane@gé ulaé OJalE?Eaée%. dtﬂéogg\yltdeo%%h f l ow
valve; a reStrrctive flow element havi ng a restricti've flow elenent fluid
inlet and ger @sédi £ i M@ek| eV RILIBBEef kihdhat@ut b edcdsith| bhdl omEmeRi cation
with said fluid inlet of said proportional flow valve, said restrictive

fl ow as a function of temperature have been inputted to the memory

of the electronic circuit or microprocessor.

To accommodate variations in venturi meter dimensions due
to manufacturing tolerances, the only unknown, the value of
‘b’ in the coefficient equation, may be determined from the

relationship b=C’ + m,; since the value of ‘m’, the slope, is
known, and C’=Q/{2AP/p)n (Q and AP are from the flow rate vs.
pressure drop data point, and kinematic viscosity  and
density p are the kinematic viscosity and density of the

calibration fluid respectively )} then b=Q/(2AP-/p)n + my.
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el ement creating a pressure drop between said restrictive flow el enent
fluid inlet and restrictive flow elenent fluid outlet; neans for neasuring
said pressure drop; a controller in connection with said nmeans for
measuring said pressure drop and said actuator, the «controller operable
to: calculate a flow rate based on said pressure drop; apply fuzzy logic
rules to a change in flowrate over tine (dF/dt) and a flow rate error
and determ ne how nuch to nodul ate said proportional fluid flow valve
based on the application of fuzzy logic rules to the change in flow rate
and flowrate error. 2. The device of claim1, wherein said controller is
further operable to: conpare a floytAtmeerror to a first set of 49
menbership functions to generate a first set of fuzzy inputs; and conpare
a change in flowrate over time (dF/dt) to a second set of nmenbership
functions to_generate a first set of second set of fuzzy inputs; wherein

each fuZzy i Apuflei8mEher f measweingf FGzProptiiondl thdikécdid®set of
fuzzy i@%tg%gf @§§9§Eaggﬁpﬁﬁ§i éqlinput degree of truth. 3. The device of
0 S

"Caim 2, erern saird con er further operable to apply a first set
of rules to &hgroportional flow valve having a fluid inlet and a
fluid outlet;

an actuator for said proportional flow valve;

a restrictive flow element having a restrictive flow
element fluid inlet and a restrictive flow element fluid
outlet in fluid communication with said fluid inlet of
sald proportional flow valve, sald restrictive flow
element creating a pressure drop between said restrictive
flow element fluid inlet and restrictive flow element
fluid outlet;

means for measuring said pressure drop:;

a controller 1in connection with said means for
measuring said pressure drop and said actuator, the
controller operable to: .

| calculate a flow rate based on said pressure drop:
apply fuzzy logic rules to a change in flow rate over
time (dF/dt) and a flow rate error; and

determine how much to modulate said proporticnal
fluid flow wvalve based on the application of fuzzy logic

rules to the change in flow rate and flow rate error.

2. The device of claim 1, wherein said controller is
- further operable to:

compare a flow rate error to a first set of
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first set of fuzzy inputs and the second set of fuzzy inputs to generate a
set of fuzzy outputs, wherein each fuzzy output is associated with an

out put degree of truth. 4. The device of Claim2, wherein the controller
i's operable to: associate each fuzzy output with a discrete change in

val ve out put; calculate the overall change in valve output based on the
out put degree of truth of one or nore of the fuzzy outputs and the

di screte change in val ve out put value associated with each of the one or
nore fuzzy outputs. 5. The device of Claim2, wherein said restrictive flow
el ement creates a parasitic pressure drop. 6. The device of Claim 2,

wher ei nrididesh{p Ctivect i ows SOoel gamata 8N4 | sesSr&t VIR dr iof 7.£ukhe device
of Claim2, further conprising nmeans for sensing tenperature of said

fluid, dmbutiereimdsaid controller corrects said calculated flowrate in
response to said sensed te eratugg. 8. The devic%.of CL?%P%% erein
sai d neans fgpnmﬁﬁﬁéd?iﬁaag i°d dte Bferﬁlﬁb‘%%%ﬁriég? a tir .5p 8sdure
transducgycdd §@@Sbﬂgmg&%%%§Hi§ﬁféﬁtgiéhg'Qdﬂ§§ﬂé¥§%@fa sai-dventure and
a second pressure transducer for sensing pressure of said fluid in the
nost restlr isgdored paet of duzwentimput®: The device of Caiml, further
conprising a . . .
: . wherein each fuzzy input from the first set of fuzzy
inputs and the second set of fuzzy inputs is associated

with an input degree of truth.

3. The device of Claim 2, wherein said controller is
further operable to apply a first set of rules to the
first set of fuzzy inputs and the second set of fuzzy
inputs to generate a set of fuzzy outputs, wherein each

fuzzy output is associated with an output degree of truth.

4, The device of Claim 2, wherein the controller is
operable tor

associate each fuzzy output with a discrete change in
valve output;

calculate the overall change in valve output based on
the output degree of truth of one or more of the fuzzy
outputs and the discrete change in wvalve output wvalue

associated with each of the one or more fuzzy outputs.

" 5. The device of Claim 2, wherein said restrictive flow

element creates a parasitic pressure drop.
6. The device of Claim 2, wherein the restrictive flow
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positioning sensor on said actuator valve. 10. The device of Caim1l,
wherein said restrictive flow elenent recovers at |east 10 percent of the
nmeasured pressure drop. 11. The device of Claim1l, wherein said controller
uses stored fluid property data to neasure and control fluid flow 12.
The met hod of claim 1, wherein fluid flowis controlled based on fuzzy

|l ogic rules. 51 13. A nethod for controlling the dispense of fluid froma
di spenser to a point of use, conprising: providing a proportional fluid
flow valve having a fluid inlet and a fluid outlet providing a restrictive
flow elenment in fluid comunication wth said fluid inlet, said

restrictdMandd ®WeobenBRls G ealdgrA. pressure drop; sensing said pressure
drop across said restrictive flow elenent; deternmning a flow rate based

on the pressure drop across said restrictive flow elenent; applying fuzzy
| ogic ruj es a change in.flow,rate aqver tinme (dF/dt). and a flow rate
error; :a?rrd mtjrg]@l a‘g?ﬁ@g§a!cdf ppgﬁﬁf“ti%’na UfrltllﬁechF P aPdE a8l “ ot the
appl i Catéé?{bﬁgfu%ébﬁgle%'t%zré“ Q%toaﬁh& _C&%qa,' N addownateiand Jdiow rate
error. 14. The nethod of Caim 13, erein appl'y fuzzy logic

controller corrects said calculated flow rate in response

to said sensed temperature.

8. The device of c¢laim 2, wherein said means for
measuring sald pressure drop comprises a first pressure
transducer for sensing pressure of said fluid upstream of
said venture and a second pressure transducer for sensing
pressure of said fluid in the most restrictive part of a

venturi.

9. The device of Claim 1, further comprising a

positioning sensor on said actuator valve.

10. The device of Claim 1, wherein saild restrictive flow
element recovers at least 10 percent of the measured

pressure drop.
11. The device of Claim 1, wherein said contrecller uses
stored fluid property data to measure and control £fluid

flow.

12. The method of <c¢laim 1, wherein fluid flow 1is

controlled based on fuzzy logic rules.
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rules to the flowrate and the flow rate error further conprises:
conparing dF/dt to a set of dF/dt nenbership functions to determ ne a
degree of truth for each dF/dt nenbership function; conparing the flow
rate error to a set of error nenbership functions to determ ne a degree of
truth for each error nenbership function; generating a fuzzy output based
on the degrees of truth for the dF/ dt nenbership functions and the degrees
52 of truth for the error nmenbership functions; wherein the fuzzy output
corresponds to a change to be applied to the proportional fluid flow

val ve. 15. The nethod of C aim 14, wherein generating a fuzzy output based

on the degreas nRft Hddt Fof Okohhe d/idly #eabar ship skunat | ong: ang e degr ees
of truth for the error nmenbership functions further conprises: selecting a
snal | esdidemmeeeoftor at hofiot toife Wi dt comprbensigi:p functions; selecting a

smal | est degree aof truth for the error mher shi p funciions; generating
the fuzzy ouPpGVSHIWH 8n RRRPSHEFPESL gg&lléie gig‘f"ru‘f Y%ri“tah‘g“&ﬁ:/(ft .

menber sk p, sfungti ops,and,t ke, syl lest degree of truth for the error
nenbershipj'funct€%n%. 16. Tﬁé met hod of Claim 13, wherein an actuator is

providing a restrictive flow element in fluid
communication with said fluid inlet, said restrictive flow
element creating a pressure drop;

sensing said pressure drop across said restrictive
flow element;

determining a flow rate based on the pressure drop
across said restrictive flow element;

applying fuzzy logic rules to a change in flow rate
over time (dF/dt) and a flow rate error; and

modulating said proportional fluid flow valve based
on the application of fuzzy logic rules to the change in

flow rate and flow rate error.

14. The method of Claim 13, wherein apply fuzzy logic
rules fo the flow rate and the flow rate error further
comprises:

comparing dF/dt to a set of dF/dt membership
- functions to determine a degree of truth for each dF/dt
membership function;

comparing the flow rate error to a set of error
membership functions to determine a degree of truth for
each error membership function;

generating a fuzzy output based on the degrees of

~truth for the dF/dt membership functions and the degrees
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provi ded to nodul ate said proportional fluid flow valve. 17. The method of
Claim 13, further conprising providing a controller responsive to said
measured pressure drop for controlling said actuator. 18. A fluid flow
measuring and proportional fluid flow control device conprising: a
proportional flow valve having a fluid inlet and a fluid outlet; 53 an
actuator for said proportional flow valve; a restrictive flow el enent
having a restrictive flow elenment fluid inlet and a restrictive flow
element fluid outlet in fluid comunication with said fluid inlet of said
proportional flow valve, said restrictive flow elenent creating a pressure

drop betyeeny seh drpesthieCldMe - FhopbeLERER! £hinditd dd et and restrictive
flow elenent fluid outlet; an upstream pressure sensor and a downstream

pressure senmndmrelim coher odflezyi mudgnmiuncoatesponidsh sai i upséngamto
pressure sensor, and, sai d downstream pr ssgre sensor, said controller
oper abl ?(EPPL%%QVEOaﬁg€b§FF§£ﬁ?ﬁ%%% r éL8ighdlLovw rE-EV9e a downstream
pressure signal; calculate a flow rate based on said upstream pressure
signal and said downstream pressure signal; apply fuzzy logic rules to a
change il f| GWer ahethwer of Claim 14, wherein generating a fuzzy

output based on the degrees of truth for the dF/dt
membership functions and the degrees of truth for the
error membership functions further comprises:

selecting a smallest degree of truth for the dF/dt
membership functions;

selecting a smallest degree of truth for the error
membership functions;

generating the fuzzy output based on the smallest
degree of truth for the dF/dt membership functions and the
smallest degree of truth for the error membership

functions.

16. The method of Claim 13, wherein an actuator is

“provided to modulate said proportional fluid flow valve.

17. The method of Claim 13, further comprising providing
a controller responsive to said measured pressure drop for

controlling said actuator.

18. A fluid flow measuring and proportional fluid flow
control device comprising:
a proportional flow valve having a fluid inlet and a

fluid outlet;
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time (dF/dt) and a flow rate error; and determ ne how nuch to nodul ate said
proportional fluid flow valve based on the application of fuzzy logic
rules to the change in flowrate and flowrate error. 19. The devi ce of
claim 18, wherein said controller is further operable to: conpare a flow
rate error to a first set of nenbership functions to generate a first set
of fuzzy inputs; and 54 conpare a change in flowrate over tine (dF/dt) to
a second set of nmenbership functions to generate a first set of second
set of fuzzy inputs; wherein each fuzzy input fromthe first set of fuzzy
inputs and the second set of fuzzy inputs is associated with an input
degree of truthadiafbe devicaief Haidtdfonsheradh salhoontroller is
further operable to apply a first set of rules to the first set of fuzzy

i nputs and tmaEﬁﬁbnchQWaﬁfImnglemmmushamlggna%ﬁesarsetlubfﬁkaw

out put s, mhere fu out is associated with an out put_degree of
truth. E\Hléje blﬂi%\#m% oa \}sﬁértéilrf:%%ec&%%w%?mﬁgg dpetiedl e to:

associ atcﬁ;@?&@ flll'lzzflﬁlitcpuﬁoi?ﬁnhlﬁl%acglscﬁ{ etq agg‘éd nflM%lﬂvelIQPéEUt

cal cul ate the overall change 1 n valve output base e out put d%gree of
truth ofsain® opropoetdfortdle fGioy valve, said restrictive flow

element creating a pressure drop between said restrictive
flow element fluid inlet and restrictive flow element
fluid ocutlet;

an upstream pressure sensor and a downstream pressure
Sensor;

a controller in communication with said upstream
pressure sensor and said downstream pressure sensor, said
controller operable to:

receive an upstream pressure signal;

receive a downstream pressure signal;

calculate a flow rate based on said upstream pressure
signal and said downstream pressure signal;

apply fuzzy logic rules to a change in flow rate over
time (dF/dt) and a flow rate error; and

determine how much to modulate said proporticnal

fluid flow valve based on the application of fuzzy logic

rules to the change in flow rate and flow rate error.

"19. The device of c¢laim 18, wherein said controller is
further operable to:

compare a flow rate error to a first set of

~membership functions to generate a first set of fuzzy

inputs; and
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outputs and the discrete change in valve output value associated with each
of the one or nore fuzzy outputs. 22. The device of Claim2l, wherein the
controller further conprises a valve driver operable to generate a valve
drive signal based on a valve control signal, wherein the valve contro
signal is based on the change in valve output. 55 23. A device conprising
a set of conputer readable instructions stored on one or nore conputer
readabl e nenories and executable by one or nore processors, said set of
conputer instructions conprising instructions executable to: calculate a
fluid flow rate; conpare a variable associated with change in flow rate to

a first set oforpRiershichahyRCtiPns1be genes ateed tfiirrfeSt(éﬁydE)E Tz Zy
i nputs; conpare a variable associated with a flowrate error 0 a second

set of  mEmEIGhs et f afictmeolrs s igenfuateiansseconpbrsetatnd &ufiy sitnmats;

wherein in each fuzz¥ igpgt fromthe first set of fuzzy inputs and the
second §dt BICIUI 2§ npiht $UEY d¥deFSied with an input degree of truth.

24. The devi g cafe 0l o 9123 £ithiy el ot e Seh, Ofe | BSLLYC ANS FuId her,

conprise instructions executabl’'e to: apply a se rules to the fi'st set

of fuzzynmpig saand tihe second settofof nuks yt ol generaties aasebcedfatfazzy

with an input degree of truth.

20. The device of Claim 19, wherein said controller is
further operable to apply a first set of rules to the
first set of fuzzy inputs and the second set of fuzzy
inputs té generate a set of fuzzy outputs, wherein each

fuzzy output is associated with an output degree of truth.

' 21. The device of Claim 20, wherein the controller is
operable to:

associate each fuzzy output with a discrete change in
valve output;

calculate the overall change in valve output based on
the output degree of truth of one or more of the fuzzy
outputs and the discrete change in valve output wvalue

associated with each of the one or more fuzzy outputs.

. 22. The dévice of Claim 21, wherein the controller
further comprises a valve driver operable to generate a
valve drive signal based on a wvalve control signal,
wherein the wvalve control signal is based on the change in

valve output.
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out puts, wherein each fuzzy output is associated with an output degree of
truth. 25. The device of Caim24, wherein the set of instructions further
conprise instructions executable to: associate each fuzzy output with a

di screte change in valve output value; calculate the overall change in

val ve out put based on 56 the output degree of truth of one or nore of the
fuzzy outputs and the discrete change in valve output valve associated

wi th each of the one or nore fuzzy outputs. 26. A nethod of calibrating a
fl ow device conprising: providing a flow neter having a first and .second
pressure sensors; neasuring the fluid flowof a first fluid through said

flow never, by C@éﬂﬁéﬂ!rEbﬁpEE%ihﬁPrQ§SU£§tdiBEG”%Bﬁbu tveen kilele
pressures sensed by said first and second pressure sensors; measuring the
fluid fliowtofuct sestondstoued t bnoughne saixd focove net@npbyecal cekdbing a

second pressure difference behgeen the pressure sensed by said first and
second PFECIHSS s8RSoreXedetebPdenihy 0Gl Phr JAGh PEECEE ¥t bd€dd upon

L SFEY SR PRGNS, et Oty oAUt Lo e

executable to: 1

calculate a fluid flow rate;

compare a variable associated with change in flow
rate to a first set of membership functions to generate a
first set of fuzzy inputs;

compare a variable associated with a flow rate error
to a second set of membership functions to generate a
sécond set of fuzzy inputs;

wherein in each fuzzy input from the first set of

fuzzy inputs and the second set of fuzzy inputs 1is

associated with an input degree of truth.

24, The device of Claim 23, wherein  the set of
instructions further comprise instructions executable to:
apply a set of rules to the fist set of fuzzy inputs
and the second set of inputs to generate a set of fuzzy
outputs, wherein each fuzzy output is associated with an

output degree of truth.

25. The device of Claim 24, wherein the set of
- instructions further comprise instructions executable to:

assoclate each fuzzy output with a discrete change in
valve output value; |

calculate the overall change in valve output based on

56




determining a relationship between said calibration coefficient and the

ki nematic viscosity of each said fluid; storing said relationship. 27. The
met hod of Claim 26, further conprising conmparing said sorted relationship
to the neasured differential pressure of a third fluid and determ ning the
flowrate of 57 said third fluid based on said conparison. 28. The net hod
of Caim27, further conprising regulating the flow of said third fluid
based on fuzzy logic rules. 29. The method of C aim 26, further conprising
correcting said relationship for tenperature variations. 58

the output degree of truth of one or more of the fuzzy
outputs and the discrete change in valve output valve

associated with each of the one or more fuzzy outputs.

26. A method of calibrating a flow device
comprising: |

providing a flow meter having a first and second
pressure sSensors;

measuring the fluid flow of a first fluid through
said flow meter by calculating a first pressure difference
between the pressures sensed by said first and second
pressure Sensors;

measuring the fluid flow of a second fluid through
said flow meter Dby calculating a 'second pressure
difference between the pressure sensed by said first and
second pressure Sensors;

determining a calibration coefficient based upon the
relationship between the flow rate, the fluid density and
the calculated pressure difference for said first and
second fluids;

determining a relationship between said calibration

. coefficient and the kinematic viscosity of each said

fluid;

storing said relationship.

27. The method of Claim 26, further comprising comparing
sald sorted relationship to the measured differential

pressure of a third fluid and determining the flow rate of
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said third fluid based on said comparison.

28. The method of Claim 27, further comprising regulating
the flow of said third fluid based on fuzzy logic rules.

29. The method of Claim 26, further comprising correcting

said relationship for temperature variations.

58




