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WO 2004/ 088256 PCT/ US2004/ 009144 -1 FLOW SENSOR
SI GNAL CONVERSION Field of the Invention This

WO pvefgs2en rel ates to the field of nass fl ow SPCFUSE04/009144

and, nore particularly, to 5 nethods and apparatus
for providing flow signals that accurately indicate
the actual fluid flow of arbittary fluids through a
flow path of a sensor across a wi de range of flow

rates. Backgr QUOWISENSOR ISIERAL CONVEERSIDNOW sensor s
are used in a wde variety of applications to neasure

the mass 10 flow rate of a %as or other fluid. One
application in which or may be used

is a m%\fehm etk Ecpthé 881d of Ma®k ﬂb@sﬂééﬁ‘{btré 42 ofBRichbdy to
controller, the mass flow rate of fluid flowing in

anethodnagd apRaTghe ﬁorupsow@@@ﬂw slgnaly thé@%lrr@plyemm@e a@}% luid
WBot St WA R G aitl G Rfisof REods! fifRw rat
?overtfeé %o a typ%hca(ﬁggsmal ersoc%%()lﬁlatwlgeo n’?éo W ales.
part of the mass flow sensor. Assum ng |am nar fI ow
in both the main flqy.RabRLf M”%gﬁ&gwt of 15 the
sensor, the mass flowra flowng in the
mai n Ma@s/\ﬂcpmdmsora areigeddie R avidd weldty of applicetéqs tameauthe mass
nt r ol 0 ra fluid
W V\rllat%g ?%& ot%%ﬁn g{lﬁ@ ?)ng 8;{%11{&&20?1 hgl}Ng & r%léag? ﬁovxsef'q%or may be used
Semeds ﬂowx:og&nl&raln a croairmtlsnetl masmﬂ'ovd eanitiolerpthe mass flow rate of a

nati on of. S. s,to fluid fl
SREDIET G P R E el bieg BT SROPIG! faberlypon R sy Bt of
A pofiisithe fRQ thBtss difveread inie asyqﬁcanlgafsmansertcencautffbmmn@epwmf the
t hat ‘?row des an outpuyt t es W flowr

al e
s 1508 i P e to e Bah i meaou Rt Rt ponde of
Cldhiet, ltl@@madadiowrraﬂ‘elome fREUIdWiRgin the MBIt faki0dn O détB@nined
fluid. The term d" is used herein to describe any

K%}l&é@%ﬁat%?rw@mroueﬁ) '%ﬂ%?fi weathe masatloy gate ahp ﬂéldébmgotwough
ke dofdidiPofiRe: stngpr stood that the termfluid applies to
l'iquids, gases, and slurries conprising any
conbi Aalavosensr, irgencasl, gkersdoBaY daviss o a%lwn@w@fof depices that
_frés?é%ds X fuig %\iﬂ@tﬂré’ﬂ@hg Eﬁ‘@dtﬁﬁ lindiB8ve &* tﬁé’\ﬂéﬁ PSR rateS A thermal
ilTustrated In hermal nass | ow sensor 10
inrass flete sengorgeferiup e floy shrset that paevidgssn roe@m thetsiagesawighethe flow
c
St e e Ao DOASLHBRT] Soly bR Forlicon My WP caytine
titoat the Aewed Heluid. Hbs termc Hlardéiast wed Berein th éwgmlbe aneltsaieedmatter
n T pst. m whstre
b P Barbule P BpVE Rl BREN AR R ARG AR GBbiS o
Tlxqmds,@hd;eﬁ,, and clukrées Edmpuiingldhy cambinafiont dfenattar irestiystanbecaphtsle of
tﬂhe resi stance of the coil is a function of
erature. Wien no fluid is flow ng through conduit
12, t Dae s@tvsionhShérmabmbsiflanGeskos isdall@trate® in FGADNPTEsrmal mass

0i | s
%ow sensor 10 includes a conduit 12 having an upstream resistance coil 14 and a

downstream resistance coil 16 wound about the conduit 12 at a predetermined spacing
such that the conduit has a characteristic length related to the length 1. The upstream and
downstream coils are coupled to sensor electronic circuit 18. Typically, coils 14 and 16
are of the variety wherein the resistance of the coil is a function of temperature. When no
fluid is flowing through conduit 12, the sensor is in a balanced state. For example, coils

14 and 16 may comprise one leg of respective Wheatstone bridge configurations such that
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14 and 16 may conprise one | eg of respective
Wheat st one bridge configurations such that WO
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may be achi eved by having electronic circuit 18 drive
upstreamcoil 14 and downstreamcoil 16 to the sane
tenperature. When both coils arz at the sane

tenperature their resistances are equal such that the

e Ha&geedcktan@mayzb@aﬁleeablby ha@ﬁigseleofroﬂls clrcalhtslts delqel @pstream coil 14

to El ect
bt Eostmettiron Eeif TRl St mgratiey BMen B sblahus ot P
‘vérﬂpe&fmde B&lr&émﬁtﬁﬁém& eddﬂBsudltl f]hfaﬁthe ﬁ@lﬁhg&&ro? aV?lssI e’&@l@relslstor is
S na , rererre S e Sensor outpu Si na or
§'Sgﬁﬂ'§ﬁl %‘ﬁe Vddpepi fed‘f% lectsants st 18 P e ol te figect
QeRakticts beﬁb&nfvblﬂd% VI Sf2ama oh@atthé AplchbeasRBlthRAMBnal 20,

coil 14 toward t downstream coil 16 according to
pelepehtp pethe Spnspeitrut sigod o siBRLY theseasqroutput. |t he
te ”'peA@ﬁHfdQIoWs tﬁl@ﬁgﬂﬁ!‘@&fdﬁi@ afe fQl 'traﬂs@er?ﬁ&@ﬂ@ﬁ R §REEm coil

than that of the upstrean100|l 10 14, thereby varying
tlA éovyasds the dovpsrepmsot l 6 according g prapsrica ptheatconirstign nd o result,

?ﬂeec%ﬁé?&hﬁ: o‘f‘ 'tl{ecdé%s ehfr co-ligg bg&lrﬂeg gFea I §8n %ﬂ%t $thd ugd@eam coil

ég ua the vo ta e an Senso
éH @rplmracymg:thpmpcctlysrqmswncea en@mtbahh@ngitllﬁfsmsem@tmmc circuit

\gﬁlt gu L én p %%1@%) %h%‘olt eE]tﬁalq#ef {1 ?J‘c?rg% é@ r?ee g&ré?e%{romc

Gi]fmita]cﬂtwidird,eteaﬁde dififersneehio vekags drops end uipyt tlnesdlfference as the sensor

Lt |t0 the W id, 15 It
SR HaERE B IfARRR e R o ischolt nd i oo
@ubpoﬂ isggeposticpabtb theuhassdipw rie ofwhy flofd. var i ous ot her

[ h fl.
e o B P B o AT 1B U s
$>b ginadf vadousl dthes bigadleshd Iﬁadeeﬁendhpoﬂtl@dféﬁlgm bf tht HHA |sensorﬂ For

ital or anal og signal_ or an er st gnal. cap
qmalaés%%@lw?}? P G SRR Cof acpgen: signl,

%Qlﬁgiit@f or ad8lod/biBial 3Pyl dHidd 5@RA caffaBle oFXAINRALIRg fluid flow through a
sem conduct or fabrication processes, may require that
SO Of BGISEISOF | ow sensor operate with a variety of

di ff esmAy aﬁﬂh‘éétﬂ)%s %&déxﬁﬁlﬁléoiéﬁﬂldbﬁﬁﬁc%}?abr&ﬁtlgﬂ ﬂibc@%es I, requlre
raCtlce Provi |ng SucC | ow sensor is ficu

tﬂﬁé & parfigilardloxpisneor optiate vélbasericty of fiffereat ﬂl@éﬁﬁﬂém p@nlanatmns
tobﬁﬁlﬁ?l InRRfcd, bRWiEE ek £ 1 ¥erg81pi§9q,1fﬁﬂ.h g@ FoP&xa ?esthe

flowrate of t efIU|d|n [ ow pat in part
Genserrautpyy pecogiertiondl dhenmhlanass ow s¢nsons ey apeng ot gy mass

f I I
AL IIEAF Lyl M s ] BEL g

fahdor phasieal chdr@teristicy ¢f@§1mChmebe &ngajh mag sffent bew ¢herseessr output
Qgﬁagiﬁﬂée9®ﬂﬁﬁ5ﬁ?& types of fluid. A sensor response
curve

ers enera?ly to any representati on based on
S e n SOFIG atlklustrams; s@scﬁrwenpbmse ourved foneightrdidisemcyras bbﬁuld\ll ARensor
w rate. the horizontal axis represen ?h
{??80158 f"ﬂf&? re{,fefrfJ gca'lerally 'to any representa ion based on sensor output as a function
of or in association with flow rate. In FIG. 2, the horizontal axis represents the actual fluid
flow rate of the respective fluid through the flow path. The vertical axis represents the
normalized sensor output voltage resulting from the fluid flow rate. The normalized

sensor output voltage is the sensor output voltage divided by the sensor output voltage



10

15

20

25

30

30 flow rate of the respective fluid through the flow
path. The vertical axis represents the normalized

W@ 2ng 08826t put voltage resulting fromthe fl ui BCT/USA04/009144

rate. The normalized sensor output voltage is the

sensor output voltage divided by the sensor output

vol tage WD 2004/ 088256 PCT/ US2(04/ 009144 3 resulting

when a fluid is flowwng at its maxinumflow rate

]t:dl@ﬁl@iug Wwhehefliib @I!}quiahé‘lat its@iaxinnenl flolv@ate thrughlthesfbaw path, referred
0 the verti.c axis re enfs e

it AR Rl S el S Bt Heton o fi Gl seae

kehed! duyput @aleaBe.Sensor response curve woul d be a |inear

functjon of flowrate. 5 However, in practjce_it can

be seWRalbheach sensosaineBie GUEE e Jingaifupction of 8Py e

HREERRSin pRicti€eit datveds&enahd thehBhsol RE8pdndd MavddmBvd vaPBhd degrees
may be’a fl uid dependent function of flow rate.

e:%wmtrp ewbﬂhwhe qurvatge fealf me be *hﬂfﬂé Aepepdsat fvawctnmf flow rate.

@%Hv%ﬂﬁoﬂaﬂ? Pﬁ %gt Wil Wfdersital fﬁmfv Frlfér@eﬂoi“fegpong@c&{'éé 'vgry M ﬁuld
Eedlcta ty makes It difficult to develop a

&r Thip anprﬁcb@emwa@akgw fidfiendttte develpptadloay seasy éha@fGSponds
Eétfé agt%nﬁrar : rﬁ'@i 8‘?‘%&?{%\%& Iﬁl?ﬁgzgu {raﬁ%é)prfg)s‘{ fs. &@Feg%rtlcularly,
Qem@&icutt h@promple p Sowsensat thetf epetates sdtisfagiotily \mﬁl ay dsbitraryrfinid
[ range of flow rates. Brief
éé‘g?ad%}’&% ra%? ?‘ﬁﬁ ae\‘/g\n ngs FIG 1 illustrates a
conventional thermal mass flow sensor; 15 FIG 2

illustrates repre l‘ntf ticvetlsoe% L hESRonse curves
resulting fromth i i t hrough a

c o nv eRld. drilddstrithed comvertingsl thdrmul B8 Sow sedsot; he pri or

strate a conventi onal rret
errpl o@GhG& @%F?‘SE&P@S@F Y SIS BPONSE SUNEHEY %‘tﬁ"\f/o%’%“’teélow of
6ight RGYs tHANSIOH cAltRichalBdriebmak flewRERSLSRhE pribrdrtysi Ny
conversj gn factors; FIG. 4 il Iéq%St r tes one ‘%ﬁ‘o&h ment
of a B&h3dlusheiant copsationyimmghodel spplopg spresat sensor
AGHEHsE bt Jesttl cANRt RBRR @)ﬁtpﬁlf vallR€ o4 §O634 f1hi0\4SINE t&MVersfoh Gactors;
5 1llustrates how a sensor nodel may be e oned
det er Hithé iHustsafes eressbedimegtofasppser @9961 FiFﬁﬁggln&é%’é?rd?eh@er

hQoRRR B%he @s%@&%?th@ﬁorés&ﬁ ifeRfRNt invention;, FIG 6
illustrates a nethod of obtal ning character| stic

i nf or Hi&t P dlvstrefes h@’ a geabqriedel oay ot enzplessd sodeteyming flow rates of
) w rates of
gﬁ%g%hgfrhg? %%%d;/ [ ul ﬁhﬁ ?&ﬁ{g&g pe s elmolﬂ%él Elln?h e sensor
accorBliGh§ ifustrateo menhmégibév@atmmg cltamteplstecsmfwmamqwblnmg on;
Eth%’ratl% ok 11 %%E&%l a 1Bt 'ﬁ‘a cﬂﬁ;ﬁ ng%t/ He 'ﬁ?ééﬁ% Id&grmme flow rates of an
aracreristre | n ormat i on obtal ne
aditraoy fivid dnrigg operasiem sHithe sansar aca@sding touandthboasdait ef the pesent

flow rates of an arbitrary fluid during
1nven10n

FIG. 7 illustrates a method of employing characteristic information obtained during
calibration of a sensor on a test fluid to determine flow rates of an arbitrary fluid during
operation of the sensor from sensor output values resulting from fluid flow of the arbitrary
fluid according to another aspect of the present invention;

FIG. 8 illustrates another embodiment of a sensor model describing sensor

behavior according to an aspect of the present invention;
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operation of the sensor from sensor output val ues
resulting fromfluid flow of the arbitrary 30 fluid

W@ewengi2ng t 0 anot her aspect of the present i NRENUSING/009144

FIG 8 illustrates another enbodi nent of a sensor

nodel describing sensor behavior according to an

aspect of the present inventiom WO 2004/ 088256

PCT/ US2004/ 009144 4 FIG 9 illustrates sensor

I €SPOFKE 9GMsHERs SnsotaEshONES cilirtve ﬁ&aﬂ&@ﬁﬁﬂistnﬁapped to characterlstlc

characterjstic val yes according he enbodi nent

VplEesaserIding i ie pmpedinentofthe gensat mP%I Ukpstiatedyig HiH § Vmg umty

s&® Bethactors; FIG 10 illustrates sensor response

curves of various gases mapped to characteristic

val ueBlCad@ dusirates BSOF FRSPRNDOHY FHeoth Vatisfus gpses BepReg o %&P@terlsﬂc

'VL]'LI&SJGEG'}Bﬁg td fhe Elln,p?crn%eﬁ{%'f 08 kst Hoddd ﬁR@ﬂ?Q&an ﬁ@aé Sing fluid
factors 11 1llustrates anot her mnethod of

deneailont prglecthetprsct eri stic i nformation during

calib

R e b e

d@lrhratg)n@fﬁe senspromitiod testlridstbaigry lucu@cﬁrtdldntgrmme ﬂa‘mrett@rof an

: fvﬁ q ﬂ8 d dhﬂﬁ %{eﬁa%%ﬂ %h% ge QY a%Q&rhflg tQ ﬁo%eﬁ}s%ect of the gﬁs%nt

acteri
|1rrvknncm;1t| on obt ai ned durl ng caI | br atl on of a sensor

O or FER 2 iititedhofe, Sohd e oVt e @lise Do oppagisn

obtamed daritgniatibrtdres selessucbﬁ a teg fluidtd defekine flbwaateodf ahhe

arbitr fluid accor not her as ect o

3oz Uy Prsfriions! e densGesfY perSon SRR Vi resultf from
elfacrtivienthe abitary flOwaGoRHRY to aRctRd: ras*geat SMIEE pradehOtivention;
aspects of the present invention;, FIG 14 il|ustrates

one eftsbdP briiralst ong cFRedIMERRLACION FBITF E-OTPREFBE HiFuRasPects

ok aWpres@ $Ren@Rer ati ng according to various aspects of
the present invention; FIG 15 illustrates another

embodFier¢ iBriratenenssmbrdimeaiaremess Bpw icpralier nejuding p §aw
g%s f‘%\'ﬁlnﬁ\’g&ﬁﬁﬁﬂg th REiRR LA bfhe ﬁf&gen\( fvemibn; Met hods

processi ng a sensor output Slg are |WgLenented
()

on a E¥pdp dlustratengngther embndimend opg mﬂ$smecom@ inchignge flow
{sfrﬁf)? WeiR %chﬁtrﬁfel Eﬁhevanﬂ@sstﬁetﬁédg‘e!f x%@és@ﬁk Ift%énsmj: duﬁbut égnal are

) ustrates anot enbodil nent
dcoplementeden i sephiatti qagppatef located wemmte th ax/lremgtea‘?rcsleﬁls @¢nsor of the

' bypass wherein a linearization curve for
%%@gf;‘%%@g&;/@r,% fluid may be determ ned by separately

cor r eEXG.A¢ ilbstrates arfotllemeralbmditem abs mhssdlowhsontroltdr oeludipgan flow
I&HT ravmn%%eslens%? go%ﬁgllt D4 ! oyp%s%%w}férel P eﬁltlealrize}ﬁ%ﬂ tc{lr(\)fg for an arbitrary
fluid may be determined by separately correcting sensor flow and bypass flow by
employing a sensor model according to the present invention;

FIG. 17 illustrates one method of obtaining calibration measurements of a test fluid
that facilitates determining a linearization curve for an arbitrary fluid according to another
aspect of the present invention; and

FIG. 18 illustrates a method of determining a linearization curve by separately

correcting for sensor flow non-linearity and bypass non-linearity based on calibration
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arbitrary fluid according to another aspect of the
present invention; and 30 FIG 18 illustrates a nethod

of determning a linearization Gurve by separately
correcting for sensor flow non-linearity and bypass
nodasireneds of ate dinRhndn seisbi M6 hedrdiMg 18 A0sth&r&SpEabof the present
PCT/ US2004/ 009144 5 measurenents of a test fluid and
dMCOHYYr nodel according to another aspect of the

present invention. Sunmary of Invention 5 Various
aspects of the present invention derive from

Applicant's identificaimypayp{Invenfionci ation of a

corre |\%hb@§hsﬂ9&¥sV&% ﬁréééhﬁnv%%ﬂ&?&erﬁb‘ BBAAHCHRS 1&éﬂ€iﬁc9at1on and
characteristic curve of a sensor when the sensor is

IppErsiatien off a qerrglatiombriwean fuidheenpas puippiequsies apd dehargcippstic curve

6faat s@nsof“%vheﬂ tﬁ@%SQQ§m§§a&§Pﬁ(’1ﬂp£ QE}%F ﬁn@p&l @Herdtﬁ%%h ﬂ%‘??te, at
propert The correl ation aclli1tat'es aCcurate

ld@qt enerﬁensqn gropbr@vmdat legstohe Hwid ardpetty.afhe dorrglatiomipcilitates

BB BR8P OB
eheaisgirdurifg caibditing with adest fleidaoda merdel,of therseisood  of
gener %clc(g}ging E.]éa S%Cetmeorold%eng In{éﬁh%?:xg%n%giung cl%a?ac?etrlf ¢ Information

conpri ses a of nmeas
dflaisenkot bmnp:gbs atsod n&aasrurmg 2} cﬂkowtrate ofa tebteﬂmdaﬂmmghfaaensea&indun

ur.al sor _out put val ues cor dj
iRt B ener o Ganbtly BEseRith Bilout PBlies dscr 8 trch M SR
Phatiaion twthafrespediise bn@@ﬁthkupluma’[yuﬁSens&m’iMﬁﬁ valogs, emditiddeach
qtllowratetoa orres ﬁoeradvalue based on ﬁt
LB ottt EBr va Aerehoh Al ShorEnBippest kg first
ﬁr@ﬁértyfdf'thedest ﬂ&idpmlél[gn@aéabh of tht plaraftyldfabrsbyorBput SEINSAH a
out put val ues respective characteristic val ue of

lsswwaqhﬁweww aﬁla? gka @Pa'algfy o charpdiistip 5aduss barrdongsesid
RORRE i YheQkst HBR, érﬁ&bnﬁ% Mi1&hst A Qﬁﬁ&éﬁt%n%sdcﬁﬁﬁé ea‘%ﬁ %perand
rep resentati on associ a each oper and val ue wit

Wf@ Wléttb%&w%vec%raa@flétm \@%Uiec val ue. 20 According t 0

anot hel..aaheal SRfHer elﬁbcfdnﬁ%tsaeﬂkﬁz@geng&@@ﬁlbﬁ% a%o&ﬁﬂ‘wéﬂted to

adapted to "convey fluids, a circuit coupled to
worauiluidsan alr%rwu@@# @dhft engvibendeenfiguediogrodyos zpsﬁnsor output

Jrrﬁ[‘ﬁhﬁht i | 3%, Qc/ﬁat@ of &n %‘)W iﬂh(?th?ctuﬁﬂ ﬁle?ogadalg gﬁ&r/faé;ééaw She

firoug e condult |'east o
goragd mefinm fstgrmgm;fqymatuprcilnglddmg atdeast emggtpreseatation of a characteristic

@ﬁ&[og%ﬂhteqfokwo%%g%k a characteristic function of the

OW sensor \ccording to one aspect of the present
i nve ntAicom‘rdmg tcmstelwptcodif thepreseat mmgltlon,lmanahdcbwf @heramg
ensor t flu

cl.PﬁIag{em 0 oanca) P §% gensor WW‘tht ahtes% ﬂtu 1s prov1cfe8I Jl"I?e lgetgo& comprlses
acts of measuring a ﬂow rate of the test fluid through a sensor conduit of the sensor for each
of a plurality of sensor output values, converting each flow rate to an operand value based
on at least one sensor property and at least one first property of the test fluid, mapping each
of the plurality of sensor output values to a characteristic value based on at least one second
property of the test fluid and storing at least one representation associating each operand

with the respective characteristic value.
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acts of neasuring a flowrate of the test fluid
t hrough a sensor conduit of the sensor for each of a

w@bawnags2sy of sensor output val ues, converti ngPEEHUR2004/009144

flowrate to an operand val ue based on at |east one
sensor property and at | east one first property of the
test fluid, mapping each 30 of 6he plurality of sensor
out put values to a characteristic value based on at

| east Asoedingcontt enfhodipent, theabt dfitenvieatiig chéhiflwly Mohnd the act of

storing at.|east.one representgti on associatin ach .
BB I 0t Rl STBBA T act B g P cath the
2R0ddsAPB256 PCT/ US2004/ 009144 6 According to one

enbodi nent, the act of converting each flowrate and

t he aqx%go'prrﬁq;fgi ng .edch of the plurality of sensor

out put Vval ugs akg pérkdr med in accordance with the

relati onship:. Wg. PQL, K)=f K Wherein p.is )
densi PO s acBsT T e %f,st f(b“ii’sé 45 YENmERF Ouiddfay e, L s a
Jh'al%We_iﬁfc%ngﬂl bfSh@senSh %r%h,eA 'is":ﬁt érSsslsgaﬂ)%lQ agga of b seis0e&nduit,
conduit, Als a cross-sectional area of the sensor

@ devdspiecific hegp of the testibhad,i A is ¢ theemtl cofiductiatyt ashe te4t dluif, angd fand g
E{g,ﬂa,l tdgerng'eal ccowd ctivity of the test fluid and f and

g’j %lde PG *@8F8Rdent constants. Accor di ng to anot her
aspectAcodrding o prodreapedt 0 tha predent irveniinhothethbd of generating

eneratjing .. 10 response inf ion of a.sensqr. with a
PR TR0 B SRS TIO Y Ciar Shvpion v A Pefgary Guid s
??ﬂ&édd Efthe m'laf%dhmeinbﬁﬂas E?ff@fﬂldé‘a@ﬁri@@ fﬁov@fatdml‘id}téit mlgidghr_ough a

ow rate the test id through a sensar conduyjt

SGPSOf FRPdGB LGP STSPr T8kt 6F° Bofted PPIsHr B ¥p{uesy res%rgwateach
I H@Sin abR6RTiGH With £ASkbctivd W of He®lirflitR SBREIARLLBH W)

a respective one of the plurality of sensor output
sjeaingadfirst mappiie rgniigurqdria convap sentey Qe ¥gussaesultine digm By of an
RERRS AR YR B8 ddRaint fol dRGrabit Qi FhRYY et ot Rast one

arbitrary fluid through the sensor conduit to
reprerty of diejashitrary Jiaidyans saing @ serpnd mapping cordigared iy epaert the flow

' r [ Lt [ ]
e A VL e 00 S pRPly FRAANTREBloBtly of the
todiiflusls based on at | east one sensor property and at

| east f P ' .

embodt hah ARG o apt Siorn e sheclfrapble Bbfdes anactof
stornig wcbesond magping ofnfiR0red tocanvegt dowedestd opepyal vadues in accordance

nfiguyred . t.o convert flow rates to operand values in
Wiy e%lf tionshi

accor dance Wi th the relationship: (D= g PQL cp AK
wherein t ispghe, operand value, p is a density of the
test fATied Qs a vol unetric

wherein @ is the operand value, p is a density of the test fluid, Q is a volumetric

fluid flow rate, L is a characteristic length of the sensor conduit, A is a cross-sectional area
of the sensor conduit, ¢, is a specific heat of the test fluid, xis a thermal conductivity of
the test fluid and g is a fluid dependent constant and the act of storing the first mapping
includes an act of storing a first mapping configured to convert sensor output values to

characteristic values in accordance with the relationship:



10

15

25

30

fluid flowrate, L is a characteristic |length of the
sensor conduit, Ais a cross-sectional area 25 of the

w@Eengnss2eonduit, cp is a specific heat of the PEBUS2004/009144

fluid, x is a thermal conductivity of the test fluid
and g is a fluid dependent constant and the act of
storing the first mapping incltides an act of storing
a first mapping configured to convert sensor output
values to charqacteristic values in accordance with
the rel at |°0hsfhl;): WO 2004/ 088256 PCT/ US2004/009144 7
c=f s, Kwherein c are the characteristic values, S
ar e t iwhersiareos the hgpattteristié vithses, § are it snsot bugputevhlues, «is a
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characteristic value based on at least one first property of the process fluid, obtaining an
operand value including at least one sensor property and at least one fluid property

associated with the characteristic value from the representation of the characteristic
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valve coupled to the flow path. The valve is adapted to permit flow through the flow path

depending on the displacement of a controlled portion of the valve.
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of the flow sensor, and a processor coupled to the
fl ow sensor to receive the sensor output 25 signal,

W b@4pssasessor configured to convert the sensoPCDUSIO4/009144

signal to a flow signal based on the characteristic
function. The mass flow controller further conprises a
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ex amfi%ﬂlu rated in the linear range of a sensor response curve may also
depend on the fluid, that is, both the length and slope of a line that adequately
approximates the linear portion of a sensor response curve may vary from fluid to fluid.
Accordingly, the linear range for each fluid is generally established empirically by testing

the fluid with a flow sensor during calibration at various known flow rates (e.g., measured
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curve may be represented as a al gebraic function
(e.g., a polynomal), a trigononetric 25 function

W@ 200g/088286 t angent curve), a piecew se approxi nBCT/O82004/009144
(e.g., a piecewise linear or conic approximation), a
series sum of basis functions (e.g., splines or
fourier coefficients), etc. Ad illustrated in FIG 2,
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m%endec? touo%grgte {heq'%ldC t%l’ elintglro%a vgrlet; 8t applications. In particular, a process

fluid refers to a fluid that may be monitored by an end user of a flow sensor. The term
“test fluid” refers generally to any fluid used during calibration of a sensor, typically, in
preparation for the operation of the sensor in the field. It should further be appreciated

that test fluids and process fluids may not be different, that is, a particular test fluid used
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obtain information about sensor behavior. This
i nformati on may be subsequently used to approxinate

wo b@4ngeponse of a sensor operating on a proceBST/IE2004009144

known to have at | east somewhat simlar properties.
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surrogate sensor response curves SSI - SSN,

respectively. The surrogate sensor response curves nay
then be recorded in associatid2 with the known fl ow
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Furth ernore, It shoul e appremate in order to
ﬁ thaei sanset cGenventionabonystsipmfariorsdiave besn gﬁmﬁrqtﬁblargiekyéﬁé(r

S P&ﬁn&ftati%n E{l il gfﬁotfhla%l egl}y Ipﬂydﬁc%égg%gbﬁ Ny ;}ég&gfu%,l licant has

rogate I's requ teste
d@mﬁcétmmonmérsim &ckenizmerd onfssnsar regpayise infoypatigndsyp fiueetion of
f n . .
St SISl Do R e SPEEAS o s
ac cur a?&yordfngbhﬁpplmamdras dévielopedha gelﬁmbmnsbrmgadem$¢ré)ing the

Beirdiatre statpf e Blorabie s F suit R ey ser e
CrBspm:léetdf Alsensopioaesay fllids.dVamay aspecisiof the piesent dvastion dlagve
eégrr? ertppﬁc%n %entlf%at?or}ldana glg:p%cqat{o%%l?a? a%ransfer function of a sensor may be
characterized as operating on one or more properties of the sensor and one or more
properties of a fluid, in addition to flow rate, to produce a single characteristic curve
describing the response of the sensor. As such, response information obtained from a

sensor during calibration may be utilized according to a sensor model to facilitate accurate



information (e.g., sensor response curves) for
numer ous surrogate fluids. Applicant has appreciated
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techni ques 20 derive fromthe insufficiency of
enpirical information to adequately describe the
behavi or of the sensor. Convenlt3i onal conversion
factors have been generated | argely by experinentation
padliotiay o\ fow tsscofan yrbjtkayys fhaid bothuwyithin 4nd Withoptthe linsal mnge of the
Sﬁgticant has identified that conversion factors
WSBTSERIYF P ¥&ponse i nfornmation as a function of
flow Falﬂ(ﬁwl?g Belbw @Mﬁﬂ&a@ﬁlﬁkéﬁcﬁiptid?&if Wgﬂiﬁds oocepth rdldied to, and
nse o a sensor to arbitrar uids. 25 .
B EeRg 10 oAb FRLAP S SHOUBTPAF B aresFo ot gpld be
ppketiatd@ Sat vatiioagastpms ofRBdiAVérGibn, Gk d%c&@étﬁdbbv&@lﬁl&ﬂtlmed further
properties of the sensor_and fluid that may . descri b

tlﬁ]@W ¥ B Harlemented 18 @AY Bfnumsroys Biays 45 ghef"wa%ogl is %{rlﬁnaﬁé to

?%lsml&lf mid€r & Pﬁﬂltenthﬁﬁﬁe Hxh@Ples 6f p¥&fic frﬁlﬂé'ﬁlentatlons are
icant's 1dentification and appreCIatlon that a

tm@ﬂ@ﬁénereﬂthll%mﬁatwﬁ PWPSEASHY. may be characterized as
oper af #g‘tl&ﬁaro%%ogg mBHb&E aQ&Qdﬁﬁé %d tﬁ§ pl%genE ﬁ‘ﬁenctféﬂ RN b@ @Elployed

one or roperties of , in addition
fih oonjwngtien with aﬁn@m eeflaw sanpays mcwﬁ@gél@tféqw $enpaE de&srrlb%i in

dc%ﬁﬁ’é'cjcl&{ Wih ?f@l Eﬁcﬁ&oﬂé rfatls flm Fe?n§51'§ géscrﬂ?é%l in "@)@ dbxupﬁhcatmn Serial

response 1 n ornmati on O t al ned roma Sensor
dtlnitier af/vwwawswqopmation Seribl Avoed§ 0397139 and B s“@mhcatlon

del..to fagihi gF: /
SRR PSR SRS MR o g i
arheipkesetynvehtiordlis hatlimiwidttdary partitular inderherttdion Ior areangement of a
Bﬁﬁge of the fluid s sensor response curve. Foll ow ng
W'He nore detail ed descriptions of various

concepiG. 4 #lugtaed ohe em&miknerﬁ obostins@mi®lebdccontig hoths peeseht

appar.at us accor dj he present, |j vent

Shisaien-bense; %’ﬁl@g 5 AR ‘&é@]ﬁé Wl pprgating on
AURH b ®Provikes Thad s acic aROV.e TR o @i{nhd Iﬁ%dbef aﬂytdﬂea’rlous

bel ow,, may he inp Ienen%ﬁ? in any rous

tARBIOPFitE che?insl% flgwirate.; afjepd @ng Brop%mgp ;S&re N 4 awﬁ%h%fre
Hropeh® lo® TR Hud. | B expAdEthE Sonr nfdABLJuth fhat its transfer function 405

i npl erent ati ons ‘are provided herein for illustratjyve

pwEstss @8 valHes of thefD gpgrends eAngar madsh 4Q9uscasmaresrgnsor and fluid
Gl RheteBy tHRGeRIvER @R the IsENEEMNE b QUMY dberiRaItly @eSHodel OThe

i'n'conjunction wth a variety of flow sensors
i sspdonhode] mayeefeimploysdiosseurefely deteraide flaw rafemifene thegensor output

et s g aaenogr s cegor b

783, 439, US
Appl i catransfer Sectien ofidsairer medyl @paratigPeanpesgnd including flow rate,

'%? Ii)ea.lst b s&gor %gﬂ’e%tg dang'le{m%i an flhﬂg’ Broﬁg%hthﬁ\f{lir&&hc@sr aecharacterlsnc

herein 1T hcor ‘ence ent
Tdme;reﬂha&sxmytbeweivteahta semsor eutplutvaluemﬂaesdnstoobjamyeqsmnelfmm @pperty

1npeferpe%nco %g eli chfla%{:tegsrt{cq"m%%mm of a 15 flow sensor.

FIG. 5 illustrates the relationship between a sensor 510 and one embodiment of a
sensor model according to the present invention. When any of various fluids, for example,
fluids f1, £2, £3 and/or fn are introduced to a sensor 510 at various flow rates F, ;s,ensor 510

may produce a different sensor response output curve, for example, S1, S2, S3 and Sn, for



FIG 4 illustrates one enbodi nent of a sensor nodel
according to the present invention. Sensor nodel 400
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operating on values of 4D provides characteristic

curve C. The 1 operand may be any of various

appropriate functions of f|OM/r%&e at | east one

property of the sensor, and at |east one 20 property

ofach Huidf tegpedtiveBy Aogprdingite sensevancdeli9Breapiefdhe snec resprise
§1§vés ERREQo & URGcteBtid {K’v OPREE FlRrRB2Y. o 525 r?ﬁ‘raty be

q operan& Sensor model 400 0 ‘I ncorporates sensor and

f fnyi feinction epteansions thahwiatdsyhe YaEowseshzpOT 1GEPOBSC QUENES &cthe or

| & %%&Hgtﬁtc%l'\)é cdbeﬂésd PR bali% éJf&}ﬁrt?ijtﬁé fluid B ocidRd M the
moae enpl oyed to accura det erm ne

r @smtvfersgm W@oy@qwme Filxtigh properiies 519é fay dnglyde; trvg alfe m@hhmlted to,

ORehR b&ﬂu&ﬂnt? fJ?chJ@r $heBiOfER Stehdity] tehiperdBre/arly eﬁ\ﬁﬁl@ﬁon or
function senso del operating on an’ operand

|Ntmgmﬁﬁgh$?®Mﬂ¢ate at | east one sensor property,

and atgqk 8astold Benstdrit! sris R ?Qx%te)(chtd?ééns&rr%ki&%%uﬁes St, 82,83

characteristi¢ curve be related to sensor
otndpimonicegharagterdstic &“‘é’éﬁ's &haw aé@nspre%aut bee repylting from a

pﬁé?@cﬁl‘ia{rﬁﬂow rate Bf':‘ef i @fhr FRiBRaybe iedpBERS hhIud hiofig the characteristic
funetion." FIG illustrates the reI atl onshi p between

aCWEYAPPYY NG tapHoh e Saspamatasensef mgdel 380-sensor nodel

accor diHe@ dprdnb 8 RN&S amdeu 909 @xﬁ?'lbeﬂn AMmL@rmcaan of flow rate
various fluids, faor exanple I s fl f3 and/ o

 PReQF BIOFSTERL9H BROBE ity 20 Qg 0k swres%i RIPPEJUSS; 85%*% prgpgrties 312

r ﬁbﬁﬁmﬁde SRR AdindRionsGfa ffiRe tsiduig tih Joﬁﬁgtﬂéttonfoﬂf A2 Qénsing
curve, for exa 3 and Sn,

response. out put
SRR St b SSH i s S BepiEa PP OFe PG,
r @ﬁrﬂﬁ&hhbﬂsﬁif‘ﬂens&@h%ﬁtbﬂ@wﬁ, Qnd GﬂﬁﬁﬁﬁodWﬂﬂhel‘éGﬁhatemhnMence

nsor, response,. cuyryves,is related to .
cHGTF ot el aoegp gbmedshy 0 isthseri o BpThress indrrpngries of fhe sensor
5&5 fhagdy trassfer dimetibrucdesaibeos chararstitrfmdibabf seata@tte® t he
vario ensor re se_ curve t ristic
var ve T RERRE of SRR S GBI, § 06ig SPRlEHipf Slehor at o
assiiaiaa flow rate will bdve ab assesg.ted:tralmfﬁeﬂxstonayrbespmmted by applying

Ftlfe[n\é%na %%f“ ﬂ)r @%&Pp% tah gsssosgg W@ df'&ﬁoy ga%h opﬁ’xg ﬂ%‘qu“atg for fluid
Imte o, thernmdl conduc Y, VISCOSIty Sp |1 C
hBaf2, f3orad $in.tefr;, magbp emaplmcbi;“rora mspp@x@mﬁ 13f Feppporcrl 0 and prOpertieS

rﬁis%fitl%r}é%'eﬂw%?ﬁfded etc. For exanple, transform 525

my map e sensor response curves S1, S2, S3 and
Sn” ontlbshehldibs epmediajed atciahigealons chrmetetissic cirve £pgp e mapped to

O%EMted/@hdégof(ﬁﬁéUoPdl aﬁ @fmeae é&rmhsﬁccmmbn f\ﬂrO\efrJvﬁfee
a particular fl ped to a val ue

t ormptianain W/is avejleble Mrt%ciwgﬁcfﬁaﬁlcfvnﬁgoq Wai gronptRnis ms;geasmg or

aﬁ@&ft&h@@e&e@sﬁ%ﬁ%gxﬂ@ gﬁi'nte?t@p ThI’rh@ if X ARRY APtk Rrve C is known,
sensor nodel be any vari ous funCtlonS of

f # eRfresRanging valge ofgP mfﬁsrbe C%Pfg?f’r AsrsBpe pifgedie madg) egpllishgs that
MR4Rfdih UL Sl mpLRAIE FBSonsSORSA o B ORRY dhaRSteAtR curve C and values

of @ are a function of flow rate, a sensor output value produced by an arbitrary fluid

flowing through a sensor may be used to back calculate a flow rate that would result in a

RECTIFIED SHEET (RULE 91)
ISA/EP



10

15

20

25

30

may i ncl ude physical dinensions of a sensor conduit,
the configuration of the sensing 15 el enents of the

W@ 2008/088266 ect roni cs, ot her various physical prepQpEUS1084009144

of a sensor, conbinations of sensor characteristics,
and/ or relationships thereof that may influence flow
Since the 0 operand of nodel 500 is based on flow rate
and properties of the sensor and fluid, transfer
fohrattetiic Walde s£4; adverligg 10 hiey Radoe fiodél] frovided tepreseditation of
§8nsor 51 Furg}wer m)lzaﬁlle according to sensor nodel
gracteristic fingtied Wis A¥FeNEough a sensor at a 20

parti quk efmFreprisérddtRnMdfdrs B@‘éﬁullﬂb a5I0EeAtLhnyslicg Of
(D t hat, may be conputed by ying, transfqrm 515,

rothemating aad/ O%g%g%'e|dﬁi°élﬂtl%‘i’rﬂépr8¥mlﬂil5’n plof chasgefrigjie function.
tmmgla@%p@&e%&u%nsf iR¢ludd, Bitthre Adt 1inditdd td %omg tdtles gqur

e computed from pr opertl es 512 sensor
p?PB‘i?é}n%fi“éS ngidons gechiag sp rr@g;;s'é&qmmétﬂfowu fﬂaebrquﬁ ﬂgﬁ@@ﬂSdseﬂés

%Qpaﬁﬁﬁ)h?teﬁsg éﬁ Mtlo\ﬁ% HoRsaaRg 1&9%&%%5&%5& G s&t'éF Uﬁerag'lons

can 5 assocl ated"val ues of ca accord I Ng
ta@d/ahlmﬁﬁ%p@eondwmta@ta@mum the flaitclfqr gkample, a rppresenigtien may

1Hélﬁ’cfe%¥>6]€§b 3ble Wohﬁ @e\ﬁ@(')rl %@%ﬁse%nﬁd@ﬁn %é;%‘%%g%)g F)iél%\tn! Values in

function 1S nonot nIC | reasi n )
detociation wigh flow gate e@u@m am,f onie ot moeegnappﬂftgaxpeﬂasqnsi aflapged to convert

ég% %gsog]ires %n%g glf(?r aﬁgn c ?ra}étgr?sﬁg 1nfo a%gll; eSp %ct@gstlg VPIUCS in

eassoatahblsW&h(Dtdpanandst)ransf orm 525 maps sensor response
ac Sti d val

50" of P16 LR BFe FRRART LS heiod solBing B R ifiptiGvention
\twumhmmdnmmdg hyepaesettiont afarciarhdteristic ffnctior ¢fg seivoomgtiel

CHEEE Slrafor aCTsehs na Sl ing Sheiorpstfed during
| B BrEiRon¥00 21%41&&8}%%5@109@3_ 1453 GR% a@ﬁ%ﬁﬁhﬁtm%ﬁow rates during

characterjstic value_ o according.to the sensor
rABer@rion %ﬁthﬁﬁea@a 0B ap éﬁ?ft@%ﬂwgt Paringfalibiatign. 4serspr gy pe coupled

fr 'O&'ﬁdu@ Balldtion 8yid %}1{1@)@ la@aptclin® iftRHN0e TRRE S 8sHddlt bPihe sensor at
refers general Wg o any nunerical, analytical,

rdtusiaplg end mpasgishledlowaptser i t hmi ¢ descr | ption or

appr ox\ B 61@Na REt M hafRGkSHh %ﬁe‘nﬁalfaﬂﬂ‘/%f pH3Rical pRoperties is
Exenpl ary representations include, but are not limted

tiproduerskio @ sensartit 8 Sumnberpf desitsd peneorrmutiuhyplnasn Eel W@P@u@h
e} EAR] ugtr’cﬁegéaﬁﬁlgﬁ&f éq‘fnp%en?g gﬁ'ﬁ{aﬂhg WAL LPAS test fluid

seril es e ansi ons, tron, a representation
reayses telserger tda‘tsaomﬂaa é@tre®$enm@umun\@hs Imowt/ eprbodiment, the

ig)@(gs%wﬁtqgﬁesoﬂe H&H{I ?ednﬁ)p E}&%p@é %¥ ngieﬁjg:sl sor E%ut value léy the

e, are on nmay
stior agpE enlseat aespea $idl scale (ﬂOWEthnoogh the cg1d,u1t ssmhstbat they

qggagg}lt yalue offurh chle%som ation with flow rate val ues)

ne Or nore neppi ng operations adapted to convert
For example, the calibration equipment may be adjusted such that the sensor

responds with a sensor output value of .1 (e.g., indicative of 10% of nominal full scale
flow). The actual flow rate through the conduit of the sensor is then measured, for
example, by a volume-displacement reference flow meter of the calibration equipment.
The sensor output value and the associated actual flow rate may then be recorded. The

flow rate of the test fluid may again be adjusted until the sensor responds with a second
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enbodi nent of a nethod according to the present
invention that includes obtaining a representation of
a characteristic function of a ®Kensor nodel 15 during
calibration of a sensor on a single test fluid. The

Ld&ﬁiwdmlaﬁsiomut@btv?iue IS5y 1dstaﬂce,ga seBdlr biﬂbﬁﬁviaﬁiéfoiﬁ Qe @R ¥hdidagwe of
o 0 to fa e approxi mati ng ow r at )
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Rdfie®ebc6rAbd. bT1AE bFatioR na§ BE BpedtBYultl ithad et detednfined that
var| ous calibration equi pnment adapted to introduce
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measufalbeeid, g sélﬁt)ﬁ&xtp@ Qathél r88Rddqe Qep 810 £8 apped sl
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i heaegiigtie yalues %@C@réwgéq thatrelalqn@kmb betwegn sgBSOF resppnseeisvas and the
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t“lakaraageristi¢ valpe refgesigsnssaliye veloesseomputsd frogpsedsoniottputayalue
| . '
JESLEEP 30030 CHLENT o NN P08 SPIAAIGE N I,
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B S H S B g e
ftb ohvarackaistie xa?-luqslbg ,mtﬂﬂi}:&ymgthle ke cmnpw Galbpbeanpropaty diehe test

?{ﬂ{‘ E.t ed s ch t etnsor Pﬂn s wth a sensor

‘g rsrar 8 By elin 8°r5ﬁl° “‘“’ﬁd’?ﬂ’ﬁ PVEWEf 10% of noni nal

ful 1:1 $1€ﬁl:1$630|: tewbtual sy @Rk ﬁbabrdédl BMttdp&ilB afcel”iﬁ@gg@totdaﬁles of the
ndui t. of the sensor .is then asured, for .

qgam%l bagzd on RERRerirs Offihe pnserand fhe t?sé%lé‘rd@ﬁ“é’édlfl$ thsRengqr

QhodeDBeigDdrh 6@l Dst@PBHOPINE Rhlues of R B SHRGAd c‘ékﬂpﬁﬂéa el e

and the associated actual flow rate nay the
TecosFeddgtualiinay rafes dstene3d apf thersharpenistie walp%ﬁ wu@@m fiep 620

B g?éd@grrh’iﬂ&d det Bﬂ%ns%?&?tgﬁt vaRELNAS oM tthS 8GR Ao Vhtes
2004/ 088256 PCT/ US2004/ 009144 16 desired sensor

SR ered (nasereiatipp with Qae eneghsr, for exampler inguddlt val ue of
.2 (e A&cordin@@' &Lﬁ'fng\égllﬁ?guonz&né?a‘aferl&maﬂi%L of #ebt éﬁ égrecorded as

rovv). The &ct [ow rate I's agai n neasure
pepctigh of @ath@!elsa arrelzréaed@tion Fiseribingibe sharasteristis/fubetion of the sensor

1eP6&h %Gtaﬂﬁh' l1"h1's Eh#ﬁerﬂﬁ@fﬁfo‘?ﬁg@&@n@?@ l{)'&ﬂo ac%ﬂ?tgl?%%tﬁremme

sensor response i nfornation taine
tthsfsactlfall flod ratg of am ashitpry pR@esstivgd Sam sarsonantp tvalucazl ob@dned from

C&BQ)‘I‘;% érgtm tvsl% &8 0 gsgﬂ p%g tt o . he%re%% i$in o Lifon” refers
t et ‘F]‘ &

ues a COT ere atlons ween
rgsqmﬂibsw 1n:(hnM1$)n deudrlblhg a chzina:tastleﬁmsﬂionmf alsensar and more
he, term

RGP P AT e e 1Y T Sy aharaei st
dofopntie nﬁaycimh&lesm $dxot Gihitpdio, MBl df@arious data structures such as look-
up tables, approximating functions such as splines, parametric curves, trigonometric or
algebraic approximations, etc.

It should be appreciated that test fluid flow rates and test fluid sensor output values

need not be mapped to characteristic values and operand values, respectively, during

calibration. For example, the values obtained in step 610 may be stored in a look-up table
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| east one property of the fluid. A 10 characteristic
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-characteristic curve of the sensor nodel. For

exanpl e, the sensor output values recorded in step 610
may be mapped to characteristil/ values by multiplying
t he sensor output value by a property of the test

fdr Wth@r svitable @xa Biplcture hdwenid edspaise tfvrehativn. VIte)semsbr tebi@nse
tie t fluid. the actual flow.r
r

In ste 30, ates | .
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spl i nggstePAIGATREAEr Gt O8lue Isrnilg)gmtchﬁlﬁct@ﬁstic value
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&

wipdy dang neharactesiptics quinepf theggnsonacsardingdo e awpppipg desgribed
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2 SRR B GB PAL pOA yl e
sufitheallyivesedstira st ruct ure as sensor response
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subseque conve aracteristic Infornma
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That s, steps and. 6 e . carr.ied. uring. .
SOl PPt bRy T RS e R PRttt SR b indAb, it Pipdored
pwichvihel elthrdcleeisagyahon iobtai thapsddigedd op&atnk Sinceithy @asod model
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P o B TRSIR A colfpubn Rt SO i Bfferent
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ac%ﬁl?r;t?olnnc% tﬁeosegsor on the test fluid, the characteristic value computed in step 720
will have an associated ® operand that may be obtained from the representation of the

characteristic function.
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sensor nodel during operation may facilitate operation
of the sensor with various sensor nodels w thout

W(M(qmosaza@ the sensor to be re-calibrated. FlI @CTUS2004/009144
.~ - llustrates one nethod of enploying sensor

characteristic information to 10 determ ne an unknown
flowrate of an arbitrary proces®& fluid directly from
sensor output values provided by the sensor. In step
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o d:eti ilavmg a transtt?:r Hlnctlon operating on flow rate and properties of the sensor and
fluid, that is, operating on a @ operand. For example, the @ operand may be related to the
Reynold’s number associated with the characteristic flow of a particular sensor, for
example, by considering the physical dimensions of the sensor conduit and/or the

configuration of the sensor. The Reynold’s number is often used to describe momentum,
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5 step 710. In paR@Fzggpr, since the 1 operand is a Eq.1
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disering thevgb therdlosr pagte o6 Prangtbpunghes at Buid ey e ugesigo desaribe heat
15 G3QsHERAGEARAUNE th GORRGE hia® Borkdildn FTHE PréndiBintde:r FFarfluidRay be
of the oOperation of the sensor as described in
copigesed pofllave:h FIG 7. Applicant has identified that
sensor output curves of various fluids may be rel ated
to a characteristic curve of a sensor by the thermnal
conductivity of the-€Juid in a sensor nodel having %
transfer functibn operating on flow rate and q.2
properties of the sensor and fluid, that is,
operating on a' operand. For exanple, the 1 operand
20 %{eﬁg ?‘Hg &1'6 Q?Esggsltgl U Ihlg ?lu?ﬂg ¢ Rl?%ﬁ@ %&iﬁsc i e ART A i?fs?lge thermal
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of the sensor condyi t and/grdtq§. configuration Ef t,hele
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nihe®rvperand M) BOEPIIETAD GerRCTT thiSR Ol d3 088 assbBiated atith a sensor
an s transfer to accqunt far am c.sinlari .
A AR Seteloritge 1B b Rt ddesay of e
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the fluid.
According to one embodiment, the ® operand includes both the Reynolds number
associated with the flow of fluid through a sensor and the Prandtl number of the fluid
flowing through the conduit, for example, by the relationship ® = RePr. It should be

30 appreciated that such a formulation considers the physical properties of the sensor and



expressed as: 5 Re=" QL Eq. 1 ,U where, pis the
density of the fluAid, Qis the volunetric fluid flow
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characteristic length of the sensor, and Ais the

cross- sectional area of the sensor conduit. The

characteristic length L may be 2kl ated to the 10

di stance between sensing el ements coupled to the

sthergmal anddon ghysical gropletiesaif tel fimd. hadditienx dngpibeye foahwbtia is
t ed FIG 1. Accordingly,
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appreci ated that such a fornulation considers the
physi cal properties of the sensor and WO 2004/ 088256
PCT/ U324hodid B0 9ptdeiat@Dthti @ iam be &oEked froph @ i5cich that flow rates

properties f the fluid. In addjt he a

5% 99(1}1’8?‘? dge"ﬂé(d’f?ﬂethﬁ n‘doefaﬁg tha&tls ﬂﬁéfowawemﬂ%mr wway be
depRied @bhessSo ofeth BEEthe hét@sseXRERSS AdItluld %
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FIG. 8 illustrates one embodiment of a sensor model according to the present

invention. In sensor model 800, the @ operand is a scaled product of the Reynolds number
of a particular sensor and the Prandtl number for a particular fluid. The scale factor g may
be a fluid dependent value established, for example, from empirical data obtained about
the sensor operation with various fluids. A fluid dependent scale factor refers generally to
a scalar value empirically or analytically derived that increases the alignment between
characteristic values of a particular fluid and a characteristic curve of the sensor.

It should be appreciated that a scale factor need not be used, that is, scale factor g
may be considered to be unity. The transfer function 805 of sensor model 800 is described
as characteristic function W operating on values of @ that produces a characteristic curve

related to the sensor output values. In particular, according to sensor model 800, sensor
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illustrates sensor response curves of the eight fluids

of FIG 2 mapped to

Table 1
Fluid f g
N2 1.05 1.04
He 1.0 1.0
Ar 1.0 1.0
CH4 1.0 1.0
CcO2 1.0 1.0
CF4 1.08 1.08
CHF3 0.98 0.96
SF6 1.08 1.08

It should be appreciated that a characteristic curve is a construct of the sensor

model. How closely sensor output values map to this curve depends on how well the
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characteristic values and plotted as a function of the
| operand according to the sensor nodel 800
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fayt tearsedaoidgiesming theresppiesd of tin sensonr @sylitrary fuids\aerossntertended
t he char istic curve of the sensor. As such
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determ.ne flJow rates for, any .fluid . for which the .
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Aré%]' q&né@oe&tigé%f J@ggen%orggl a(fjo agtggr'gg ﬂi:llitd %Cg‘ﬁai%%g?)?edg&iges model of
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behavi or of the sensor. As illustrated in FIG 10, .
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\fj\l«éqelgghb%ﬁtﬁu!y RE:siB AR In¥A T Eh e RRIR DI REdsHulids fSUFYiEh £ Y&Rtended to

operate.

In step 1100, a test fluid 1101 having a known thermal conductivity and molar
specific heat is introduced to a conduit of a sensor having a known cross-sectional area
and characteristic length. As illustrated in FIG. 1, the characteristic length of the sensor
conduit may be related to the length | formed by the two coils 14 and 16 and the spacing
between them. The known properties discussed above may be, for example, stored in a
database 1105 of fluid properties and a database 1107 of sensor properties.

As discussed in more detail below, sensor and fluid property information as well as
information obtained during calibration, may be stored on any computer readable medium
such as a memory included in the sensor, a component using the sensor such as an MFC,
one or more computers coupled to the sensor and/or MFC, or anywhere else that

information may be made available.
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Table 2 illustrates values for eight exenplary fluids
that nmay be stored, for exanple, in databases 1105
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test fluid and the cross-sectional area of the sensor conduit A to form a Reynolds number
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associated with flow through the sensor as expressed in equation 1. The computed
Reynolds number may then be multiplied by the Prandtl number of the test fluid as
expressed in equation 2 and scaled by a scale factor g; of the test fluid to produce ®;.

In step 1130, the computed values of ¢; and @; are stored in association, for
example, as an entry in look-up table 1135. The look-up table may be stored in a memory,
for example, in the storage medium encoded with sensor and fluid properties and/or sensor
response information of the test fluid. The above described steps may be repeated for each
desired sensor output value in the set S such that the plurality of associated values ®;and c;

tabulated in look-up table 1135 form a representation of the characteristic function of the
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two columns provide a descrlptlon of the characteristic function of the sensor that may be
used to facilitate determining flow rates through the sensor operating on an arbitrary fluid
as described in more detail below.

Alternately, the final two columns may not need to be stored since the response
information in the first two columns can be converted to characteristic information
according to a sensor model at any time. Accordingly, a LUT may include response
information and instructions that perform a mapping from flow rates to @ operands and
sensor output values to characteristic values. The response information may thus be

mapped to characteristic information during operation of the sensor in the field.
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In step 1210, the preprocessed sensor output signal S; is converted to a

characteristic value C; according to a sensor model being employed. It should be

appreciated that the sensor model employed to map sensor output values of the test fluid
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1201 rocess fluid 1201 dy be introduced. to a sensor
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i phtpeiciies REIGTg PorPFIOWSS e phddbdd flufil e MuPMmAASRE o wAaFber

i son P pie SR CASTHEUR. pr opr ocessed

t 0 pl aSifice the deAsoR model establishes that sensor output values map to the same
characteristic curve, the value C; is expected to fall somewhere along the curve described
by the representation of the characteristic function obtained during calibration, for
example, look-up table 1235 (e.g., a look-up table obtained as described in connection
with FIG. 11). Accordingly, it may then be determined where on the curve C; falls, by
indexing look-up table 1235 in step 1220 to obtain the associated operand @;.

Due to the discrete nature of a look-up table, a computed characteristic value C; is
likely to fall between values stored in the LUT. Accordingly, a given characteristic value
may not have a directly associated operand @;. However, the operand @; may be
approximated by interpolating between the two nearest values stored in the LUT, for
example, by a piecewise linear approx1matlon, such that a corresponding value ®; may be
obtained.

In step 1230, a flow rate predicting the actual flow of the process fluid through the
sensor is computed from the obtained value ®;. As discussed in the foregoing, the value
®;is a function of flow rate and known sensor properties 1207 and fluid properties 1205
such that the flow rate component of a particular value of ® may be isolated from ®;. For
example, the value @; may be multiplied by a ratio of the thermal conductivity and specific

heat of the process fluid, and a scaled ratio of the cross sectional area of the flow path A
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WO 2004/ 088256 PCT/ US2004/ 009144 27 during
calibration to characteristic values should al so be
enpl oyed to map sensor output values of the process
fluid to characteristic values. Alternately, as

descri bed above, calibration nmay include recording
only response information fromthe test fluid. Under
such circunstances, a sanme mapping fromflow 5 rates
to ' values and from sensor output values to
characteristic values according to a desired sensor
nodel may be enployed to both map the recorded test
~response information to characteristic information,
and to map sensor output values Si to characteristic
val ues during operation of the sensor. For exanple,

Si may be multiplied by a fluid dependent scal e factor
fp and divided to by the thermal conductivity kp of
the process fluid to provide characteristic value C
simlar to the step 1110 of the calibration described
in connection with FIG 11. Sensor output val ues
resulting fromflow of the process fluid are thus
mapped to values substantially along the
characteristic curve of the sensor nodel. Since the
sensor nodel establishes that sensor output val ues map
to the sanme 15 characteristic curve, the value G is
expected to fall sonewhere along the curve described
by the representati on of the characteristic function
obtai ned during calibration, for exanple, |ook-up
table 1235 (e.g., a | ook-up table obtained as
described in connection wth FIG 11). Accordingly,

it my then be determ ned where on the curve G falls,
by indexing | ook-up table 1235 in step 1220 to obtain
the associ ated operand (Di. 20 Due to the discrete
nature of a | ook-up table, a conputed characteristic
value G is likely to fall between values stored in
the LUT. Accordingly, a given characteristic val ue

may not have a directly associ ated operand Q.

However, the operand (Di may be
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tB@ffﬁurqllemn iHugieatesthe detarmingd Bpw gatg confputed from the obtained value

of @. The fifth column lists actual flow rates as measured by, for example, a volumetric

displacement flow meter. The sixth and final column illustrates the percent error obtained
by using the described method. Tables 7 and 9 are arranged in the same way for process
fluids CF4 and SF6, respectively.

For contrast, Table 6 illustrates flow rates determined using conventional
conversion factors. The first column lists the sensor output values as shown in column
one of Table 5. The second column lists the flow rates measured during calibration with
nitrogen (i.e., column two of Tables 3 and 4). The third column lists the predicted flow

rates computed using a conventional conversion factor. The conversion factor used for
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1.0 80.922 3815.034 10.428 10.497 0.65%
Table 8
Surrogate Fluid Nitrogen / Process Fluid CF4
Conversion Factor: .437
Calibrated N2 | Computed Flow Rate
Flow Rate Conventional

Sensor Qutput (scem) Method Actual Flow Percent Error
0.000 0.000 0.000 0.000
0.100 1.842 0.805 0.771
0.200 3.709 1.621 1.578
0.300 5.571 2435 2.394 -1.67%
0.400 7.443 3.253 3.225 -0.87%
0.500 9.339 4,081 4.089 0.21%
0.600 11.281 4.930 5.010 1.61%
0.700 13.297 5.811 6.025 3.56%
0.800 15.412 6.735 7.217 6.69%
0.900 17.653 7.715 8.624 10.55%
1.000 20.007 8.743 10.497 16.71%




Qutput f* S/ k I=RePr sccm Rate (seen) Percent Error
0.0 0.000 0.000 0.000 0.000 0.1 8.092 292.723 0.800

W0200408828¢ 2 16. 184 587.925 1.607 1.578 0.3 24.PFWUS2004/009144
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884.535 2.418 2.394 -0.98% 0.4 32.369 1187.568 3. 246
3.225 -0.67% 0.5 40.461 1503. 049 4.109 4.089 -0.47%
0.6 48.553 1841.992 5.035 5.0131-0.49% 0.7 56.645

2206. 149 6.030 6.025 -0.09% 0.8 64.738 2622. 363 7. 168

7.217 0.68% 0.9 72.830 3126.168 8.545 8.624 0.91%
0 80022 3815 034 10.428 1n /|o7 0. 65% Table 8

>urrogate Fluid Nit
Conver si on Factor: &%g@lﬂd i %e%;i’%%%dﬁ%\fgé rrput ed Fl ow
Rat e FI ow Rat e Conventi onal Sensor Qut put (seem

$
(
H
Met hod Actlual Fl ow Percent Err @rcomputéiowO] 000 0. 000
(0. OG6nsg, 150 1.842 0.805 0.771 |0. 206te3, 709 Attug@Flow]| 5P@Gcent
. _3@utpnat 5711 20f3 2 RoAP=RePg704 (_GHepm) 7 44 Rate (spapm) Error
3.22%90.0. g7% 0@90‘500 D. 33904 081 4.08% 0.21% 0. 600
11. 281 4. 930 59366 1| 619414 700 13 0%87 5 311 6. 025
3. 56% 0. 800 1! 1 6. 74272 217 { . 900 17.653
1.71 8641 10 20. 007 8. % 49;1]8671/0 .
. 3 -0.78%
\WO 2§(§‘4/o 8256, Us20p4} 89144 3P0 Tabl & 950 e
0.6 55.839 2197.182 3.207 3.210 0.09%
0.7 65.145 2680.433 3.913 3.936 0.60%
0.8 74.451 3281.356 4.790 4.833 0.89%
Table 10
Surrogate Fluid Nitrogen / Process Fluid SF6
Conversion Factor: .437
Computed Flow
Sensor Calibrated N2 Rate Conventional
Qutput Flow Rate (scem) Method Actual Flow Percent Error
0.000 0.000 0.000
0.100 1.842 0.510
0.200 3.709 1.027
0.300 5.571 1.543
0.400 7.443 2.062 2.018 -2.17%
0.500 9.339 2.587 2.586 -0.03%
0.600 11.281 3.125 3.210 2.66%
0.700 13.297 3.683 3.936 6.43%
0.800 15.412 4.269 4.833 11.67%

As shown, methods according to the present invention provide accurate flow rate
predictions across a wide range of flow rates. By contrast, conventional conversion
techniques provide accurate results only within a limited range of flow values. In
particular, as shown in Tables 6, 8 and 10, flow rates errors become unsatisfactorily high
outside the linear range of the sensor response curve for the particular fluid.

Applicant has appreciated that various aspects of the present invention may be
used to provide a general purpose sensor capable of operating accurately on arbitrary
process fluids across a wide range of flow rates. FIG. 13 illustrates one embodiment of a

sensor according to the present invention. Sensor 1310 includes a conduit 1320, sensor
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Test Fluid Nitrogen / Process Fluid SF6 f --1.0,
g=1.0 Conputed Fl ow Sensor Rate Actual Fl ow Percent

w@iopss2f¢ S / k F=RePr (seem) Rate seem Err or PCOUS2004/009144

0. 000 0.000 0.000 0.1 9.306 341.462 0.498 0.2 18.613
685.428 1.001 0.3 27.919 1032.870 1.508 0.4 37.226
1393.283 2.034 2.018 -0.78% 0.3 46.532 1776.372 2.593
2.586 -0.28% 0.6 55.839 2197.182 3.207 3.210 0.09%
@Iel‘tréiﬁcs114550,%816g4c83ig3a1$AB))&09®&eﬂ1 BO%Und ConBpufet. 138 having a

3281. 356 4. 790 4.833 able 10 S te, Fl ujd .
RCFST 4P 2 BGiees PEQG 1Sk STATLPIFS SRRy I o sonduit
&Q?PM{d&gslth@w fRenmake @H%Em?rgﬁgmg aFglaﬁng @@qut) erghalanm

pu ow thod Actua ow Percen
i Giive of 5809 BoUNTghYS GG SHRelerietiss | 5UI5H be any
%1r219‘90rjeo%%1at1&1 K cHits2é 01451@43 fRid Y, forddsngle ABLthernidl thass
-2.17% 0.500 9.339 2.5 586 -0.03% 0.600 11.281.

Floyasnspr Qqserlbedea %nrectmml?bfl(z‘glr T shywyll b appscigtcd Bagf various
QsReQ o%ﬁre‘}ﬂ\%nﬁm%ﬁgy B Srbtoybd iPd VarRty St s&%@%ua%t’cﬁlﬂg described

according to the present “i nvention provide accurate

fnrl pEViongle mcglipe@itqsltapblwtl%r@r Beds %Ptxmra@d Fefny Pagioular gspsor
ﬁ%ﬁ contrast, conventional conversion

tec I ques provide accurate results only within a

| i mi t 8ehsonougentsizndl] 1693 may bes £or instance, an electronic analog signal such as

a voltage or current level. A/D converter 1335 receives sensor output signal 1333 and
converts it to a digital signal 1336 that is provided to processor 1345 of computer 1340.
Processor 1345 may be any device or combination of devices capable of arithmetic and/or
logic computation. Processor 1345 may preprocess the digital signal 1336, for instance, to
normalize the signal, such that it is expressed as a fraction of the full scale flow through
conduit 1320.

Processor 1345 may be implemented in a number of ways including using
dedicated hardware (e.g., various circuitry, programmable logic arrays, etc.) designed
and/or configured to perform any one of a variety of functions described herein, and/or
using one or more computers or processors (e.g., microprocessors) that are programmed
using microcode (i.e., software) to perform any one or more of the variety of functions
described herein.

Processor 1345 may be coupled to storage medium 1347. Storage medium 1347
may store various sensor and fluid information that facilitates operating the sensor with
any number of process fluids. For example, storage medium 1347 may be encoded with
physical and/or thermal properties of various fluids for which the sensor is intended to
accurately measure flow, fluid dependent properties of the fluid, physical properties and/or
design parameters of the sensor, etc. Storage medium 1347 may be any of various storage
devices and computer readable media, and can be implemented in numerous ways, such
as, but not limited to, RAM, ROM, PROM, EPROM, EEPROM, CD, DVD, optical disks,
floppy disks, magnetic tape, and the like.
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particular fluid. 10 Applicant has appreciated that
vari ous aspects of the present invention may be used
to provide a general purpose se¥sor capabl e of
operating accurately on arbitrary process fluids
acrosdn me\MrﬂediﬁﬁﬂtgHu@ﬁateﬂllmF\igr B aﬁragé_-hl@dluﬂ;ﬁl 34l ktosss mat es

one e t of Sens.or. acco e present
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Fff’age STt PSR SIS Bl el ‘1@%@ Ub &yt
sthmmethodnﬂepm‘tbes igroaheclidB@itARIGS. Gand étts it to a
digit 1336 that is r0VI processor
ot *conpatbifiigsueramngf et s Mstiipnd R G ey
qodekdoa l 345mulfiplgl ﬂ@l@ﬁﬁgt@ﬂ{%@b@ §@fit10&fﬂtﬁd Werhial candadtvity of the
ogi utatlon [ocessor reprocess _the
gqeﬁ%ﬁ Flg Ve lirge%l he gmti; g%d;% éler}a%o or thopgasss legttﬁerowde
Bi 346S B ran 8370idhayl fﬁrtl@ﬁ RcaRIS aftradion pfdgdaihaNoRke §1€lﬁ1
scale | ow t hrou conduit 1320. Processor 134
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pgrpl@l}ﬁ& lf%thgrelpﬂmeﬁqnﬁngch&eé uwrogamd%?@@fyerbexecuted by processor
fung Ha9 ?rﬁlltﬂﬁf fkloBRtheBGLIBL B ﬁ?glz gértlggof{fﬁe s Afd RE Socess

nor e conputers or processors m Cr oprocessor
tﬂuad togprevige deyy sienad d 35 dilewy sngnzd ldzodey {hen be proyided teaithey
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smnvagénneuﬂmnem@n&nm&morage nedlun11347 nay store

ooy ot sl BE ot Gurld t%t?crc])'m%t%{ [P0 ve NP dehdcRi ST, for
oper ating ensor

example, as an embedded microcontroller. Alternatively, computer 1340 may be part of a

device operating in conjunction with sensor 1310. For example, computer 1340 may be
part of a mass flow controller or mass flow meter that includes sensor 1310 as a
component part or may be a part of a separate controller located proximate to or remote
from the sensor 1320. As discussed briefly in the foregoing, mass flow controllers often

include a processor and a memory or may be coupled to, for example, a general purpose
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sensor is intended to accurately neasure flow, fluid
dependent properties of the fluid, physical properties
and/ or design paraneters of tH#4 sensor, etc. Storage
medi um 1347 may be any of various storage devi ces and
computtelavingadaddessoradi meman svhchmadyebeiusgal te nmpllbmdntithe present

AR s e bt o 0B b DS o
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of the thermal conducti vi ty of the process fluid
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proportional-integral-derivative (PID) control are then used to control the flow of fluid in

the mass flow controller. In each of the aforementioned feedback control methods, a
control signal (e.g., a control valve drive signal) is generated based upon an error signal

based on the difference between a set point signal indicative of the desired mass flow rate
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that conmputer 1340 nay be resident on sensor 1310, for
exanpl e, as an enbedded m crocontroller.

Al ternatively, conputer 1340 med? be part of a device
operating in conjunction with sensor 1310. For

e ahqﬂued arclonfperdback siGrhlthatiy rdbated fodinet actlfal mass&lmv btegunsed by the

%ga%% ﬁgw sgr{sglg %%E&%%wgfe O\PIB éqafsefgorw %holoeg 1%1 sl% a5 I%glted States
Fapeat Appiwaﬁmt $epial Humbeardatiat6qs, mhldh&t haeréhy mdforllSc&ﬂth By reference
f.romthe sensor 1320. As discussed briefly in the
fIBIRGEPEY, mass flow control lers often include a

pr oc e F5G/ 14aektateda BEHeshati¢ bloEkydifeart 009 hRsk fldw cdn@bller according

exa eneral purpose, WO 2004/ 0Q
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i nventi on and i ch may gﬁé ed to control
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control valve, a valve actuator, and controll e
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A rafteRpEddRRat lEhs@i‘ﬁQ)Bﬁ GlpboR the\MispRcéth&at ofta chir® B foPtion of the

val ve may be positioned in the main fluid flow path

(velvsi dhe P@trOHW@@@wﬁh@‘ak@H@Wp@g §XW Aoy eghlgplunger
Sp@aﬂ:%@ hdro@R%r&8Redhon 6LME 'ﬂ%lpgl‘ﬂ e Jalve %%E%eoﬁow rate in the fluid
closed) to vary the nmass flow rate of fluid fl ow ng
trathdiyghcredsengraadecredsing dhef arenefipmopendedn terasess destionyher dluid is
FRaiel) RUE Nl mass §6 Yk K ohifolle Bl Sfkbokicaly diplpcing the
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%S&Q@I to. d%gc#l%g{h% V 1‘1a Ffet: 8fa v%%% Whtch 1{1&39}@!8%9%% (rljs? gtl 1&dsPin part,

or va ve ac

dependent
The displacement of the valve is often controlled by a valve actuator, such as a
solenoid actuator, a piezoelectric actuator, a stepper actuator, etc. In FIG. 14, valve

actuator 1460 may be a solenoid type actuator, however, the present invention is not so
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function, rather, as general purpose nmass flow neters.
Control electronics control the position of the

wa@oemiogd2sval ve based upon a set point indi cat PUBUSI004/009144

the mass flowrate of fluid that is desired to be

provi ded by the mass flow 25 controller, and a flow

signal fromthe mass fl ow senso¥ i ndicative of the

actual nmass flow rate of the fluid flowing in the
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chalgpted @e@n@mﬂana@eomth'atmgnelpﬁ@@éiwesmab@%z baset! 61l infafmation

FLay d'%f?ﬁl%qfﬂr%iﬁ}%cinho %grageﬁ ic Bglll FS2 and the set

0|n con er 1450 provi des a
d rive Fer g{aaipld;)s)mmltd:rhém/mhy mchldd: mpltogranﬂsmﬁed tohra¢mory 1447 that

ntrols. the vaIve%}?O. The valve 1470, ma %e
SRR Reul B S PP ol e TEpugfe o ho presen
invention, for instance, the methods described in connection with FIGS. 7 and 11.
Accordingly, accurate flow indications may be obtained for arbitrary process fluids across
an extended range of flow rates substantially beyond the linear range of the particular

process fluid directly from sensor output values resulting from flow of an arbitrary fluid.



20 al t hough the present inventionis not limted to
such an inplenentation, as the valve nmay be

w@bkdoa/s2s6 vel y di sposed upstream of the fl ow neCEUS2008609144
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valve permts a certain mass flow rate dependi ng, at

| east in part, upon the displacenent of a controlled
portion of the valve. The cont?blled portion of the

val ve may be, for exanple, a noveabl e plunger placed

acr os gt should s spredstedihaiche ¢dmepufdr dMQma:bdh notHee@ searateprocessor
SR REt i Peonu Bl Ll Py BB spthflp 3Bl s impleppsed by
cheossitolat 1460 omies eerdal Maedvsr, cmﬂpmﬁmeﬁi afidocohtrotler 1450 need not

TeBEBL i PP aimride Ao Ciouboli gt FHC Bl prne lghe

visheRlyhy a deS| red amount. The term di spl acenent is

used escr.i pe the vari.abl e f a va

whi ch s%{‘f1 qsats ematic glf’“‘? 53@?‘“ Oﬁaﬂ’é‘ﬁsc hﬂgﬁ&?
&me@a réth&6t8 |c&ﬁ§&fan1t58@f Pctrh@h l@)'SWEMHZ ob %@ne@iﬂﬁ’tlﬁﬂﬁde@ the
by a val ve actuat or, so| enoi act uat or

FOBPERIIECHRY age %P@af%ﬁhe ﬂaw %@dé%? offhe Mi{Co for exqmpple, |arﬂow meter
H5%0, aldhivediu@r 1560t Mif:00alvb4890 Eaip1cA%o Aow PhiRNSH Tﬂéﬁfe‘)w meter
act uat or, however, the present invention is not so
509 o de 98y PaFPledeGeronpoviding azensor eHipU gignalde.atsarser output

c?)%&léa{dv\é of th¥ 91%% rQlfe of AhiY SnrBIYRE AEW g&ﬁxs 2 H&Ehsorl Aftput SO
val’ve act uat or receives drive signal DS fromthe
cowt begirpededing ﬁrsinnmt oka nemete@pgtnmer B80into a

mecha | ' .

T v deite ogHraR FRRITRRY el RESHN A dobile BOLHItRGH of

sievives favayxample tapy € varmes g&merabpmposeb;emwaem sudh dsltlgose based on a
Eeygﬁélélfl“p}l\(/]lqﬁel&o\?rvc%aessoir ﬁg\qotgf ‘ia dlgqbv&pe\fP(gl O\cl:ves a?lﬁldUltr‘g'gPﬁng

cbrﬁcfeesoe,riﬂévg/lett-EankauchA-EISﬂﬂﬁ&satrm @rrmt;&oth@ t)bJEIOIﬁ grotdseor.

actual_, fl ow an OW | ntoaree

o Mk s i i) Tos0me Mol PSS SHS and¥ifdinory

Acar Ben@iy 1547 h@yﬂfe&ﬁbcﬁi@@Wlth\fsﬁ'rhlaME’cﬁ“hlaﬁdﬁﬁasmﬁeﬂld}@\&esorlbed

control | er s, depen on ho accur flow

R et PRI S o1 B RDRE oS4 e el A pobre ptgtion
pEsuh of the IharddlerBEic HinsGatSsrast defisol BRI, E&regg@pla@, dataB@se of sensor and
accuracy of conventional flow sensors may depend

tid pipprtist Ylpmey Lo bHehese ﬁplaéwefqrawrwpﬁmm@ Aets including

diﬁ&fdcﬁ&nsfthaﬁV‘évl’ie%teﬁecuﬁﬂ%ng%ess& 1545 ahayt detPRAIHCERRY @tes of an
process fluid i ntroduced to the sensor and the

AraifpEreces fivid famesenser eiters sigrSChigaserbeneinfofpatiprringdyded in the
tRpRUAREER S tht OIRAR1E AnQithSi de the linear range of a

sehsor response curve for a particular process fluid,
t he adeadditgn, ofemorel {7 6wy dnciglonprarymais psagrnesdepistetlhe

ek oS Ao Bfer 17 AR hnGRAE RN GRAMeRH 1287
edepdrmjresa dffor SIg)ahhqsbdasm fidve ratttsrdeteanm@# bicyrogrmt 15é8 fulcbanset point
SLERL 1] Sl 81 ek LS A0S SRl 36T GRRARS v

1 on cess,
1550 may include instructions that apply various feedback control methods such as

proportional control, integral control, PI control, derivative control, PD control, ID

control, PID control, GLL control, etc., that attempt to reduce the difference between the



may be unsatisfactory to control the process or may
have adverse effects on the fabrication vyield of, for

WO p@uass2sq i ntegrated circuits, computer chi psSPCEUS2002009144
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As such, in one enbodi nent according to the present

i nvention, MFC 1400 includes a conputer 1440 having a
processor 1445 and a menory 1448, Conputer 1440 may
be simlar to that described in connection with FIG
¥fow date ppewiddddiyl prograre 58 and T/sét paimtysignel Sadygpealiding hddve

n of racteristic nction of the
&%@@%&4 evzﬁ}ﬁer ac“?ioiﬁ'ﬁ&gt%atéo %CEI%\B%%@ 15fg sensor and
fluid Ilpﬁlﬁﬁbeddvﬁdé&haﬁﬁ*@;ﬂé}dﬂm kaisors, @i ®ith Ad%féd magonbey fAGds is
adapt, ed to convert se r outg#} ?i nal (‘1&? %\iv K di
segtwgpediess sepserepnabit drgivRee biF 1P SFteee g Dlock dingrom

r$Trih SN QI iRuddhg at ﬂ@w @Ji@&ra%wnmtg sendovl BleEtt@ibs 1680 (1 e.,
exarrple comp ut er mié i ncl ude a(grogram st ored

BTy r%awlﬁlweﬁ%lﬂuld\ﬂﬁ&ﬁ P &endyly 1p7brhich diveriysere portl%n of

RES HRE %wﬁ%ﬂtﬁ%ﬁgﬂ 8 ﬂe%tpla@loh%o@cm@maﬁdér%a Bﬁerﬁﬁggﬁtptofthe
i nvention, for instanceé, the nethods describe

fbridh Bewing throwghrlosy gath 16P3atws fhroughpypess d pH)- ﬁﬂw;bypass 1640 may
ARGHRGn blyhaddag! If(?l‘%?ﬁll‘gglé e gﬁraﬂgl Seed of Ynduits 51m11ar in

arbrtrary process an extended r ang
friabue tosthessnsanisendaittpaeliaigd toesfanntp forre alppthdwrwiieniad spy bypass

Ou? pu?gr 1? I ta’['he Mﬁl@?éﬁsﬂ\,{l& H&)\gipg i e don P03 Lenerally

es resulting from an arbitrary
fperOdﬁon%DOZWﬁC@ﬁSQBBlld’ﬂﬁ'WlugﬁﬁtGdbmgslMO 37 1t Shoul d

be appfeciated that the e t
separ a 4 eﬁ?rb%cr%ss 51 T esotf%ﬁg?&% rl{&%]r?ﬁ'goeglgtnﬁ% ke %fﬁ) 5 0p ath
b1603 rfhg/rembnﬁqplﬁmdednoheaﬂqw gy iathetdoaduiti 620 apd thadlotveate fmythe

t.he c ol ler 500 vi.ce versa. Mor.eover,. C ut er
AT IR BBEHdF 181 A58 1 DEdIROL <S8 i gras T h i sensor
Pdoadhit edferrddao aé feasor Flofp ateiis floking froddhGhdbitpasspaefdoed to as

| ocated 5. renot el 15 illustrates a schematic

phBesR Taalfmehs st tfﬁ’h@&‘? BiScontrol Il er 1500 having a

r endt & MRatiR flovk pBA. 168D Mmby odty b&QBerDierditéw D& me full scale flow
generally includes the conp éﬁgnts t hat &re coulpl ed t

tYeder (QiRR o8¢ o meyg Blogrsigngls Pigreded py fhesgusoniCes » SEISET eRfput 0) wil

&R fkmalized Sich @hay¥ ﬁie}f ehdielebdtRtion oGRe fuBindala fivRiviRe. 1§c7erample
coupled to flow path 1503. The flow neter 10 151

b0 &y be nprmabre bj/éwl s@ler gy iﬂ%maa idsgily agahs 6f 0§ md&qﬁaes that
St'h%"ig no(ﬂ*’uug ﬂov@ﬁl Stlﬁﬁu%ut Pﬂﬁld a ‘!/d"lf@ &ajoglﬁﬁatei a 116® of ®Wor

rate of roug . The sensor
ofutl seale ﬂ;@f armiuet@é bn@v&t@m@ﬁlqmo 0f’/i> @%ﬁlll seAlflowpfeteg However, in

p@%fcg thi§ éﬁtr ?%at m@? AR Esu %H% ﬁ)qlo%?né(?wgeiﬁ'e%t ﬁ?%ns. D
oces’sor ase eVI e or CO Ination o devi ces or
eSQnpy et wrineafwitrespsotso ganen v put plaberatio wﬁmneqrﬁowg lhypass
a 5 E W% pe processor,
ol B R bedy AR e
In conventional flow sensors, a linearization curve is often generated that maps

sensor output values (e.g., sensor output signal SO) to indicated flow values having a
substantially more linear relationship with respect to the total flow through the flow path
than the sensor output values. The term “indicated flow” refers to any signal or indication

of flow based on a sensor output signal that has been corrected and/or adjusted to



processor, Hew ett-Packard PA-RI SC processors, or any
ot her type of processor. For exanple, renpte conputer

waz@ad/oseye i ncl ude a processor 1545 and a menorBCT/LIS204/009144
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Menory 1547 may be encoded with simlar information as
the nenory described in connec#;on with FIG 13. In
particular, nmenory 1547 may incl’ude a representation

20 1549 of the characteristic function of t he sensor
asfmpeRwie foxarrasiaad/ornoaliteapiydi thsenser(d gy the ATRSOTFPRFY and sensor

PEIGRRhIck 8 b g&guoﬂ,47 may al so include one or nDre
prograns 15 i nclu i nstructions that

execut8Y tgm ‘ﬁ?@é@g‘é’é?feri ganprallydy th(ié?’@?ﬁerﬂé’wfrf”&ﬁ ng@égrough

Ofhe ABw p%fhb 'Asrsﬁé}ﬁ[ wREPRE ﬁ§wfphtﬂ'cgnsﬁsﬁﬁdpa%@rﬁ§1odon&ﬂf el fotal flow is
si gnal based on i nformation included in the

r wﬁbtsélmsavsosﬂow Wi the flawnathesompripes amsenset GopRvit 3g ajbypass, the

a{é;%!l HbR s edWBITD RS saé%?th@@afnsbmdw% tROBypRs IV, € pr ogr ans
depicted 'schemati cal g in menory as controller 1550

t hat, WWing aceavagtienal el i?Fl%lé@%‘iS‘PfelS‘%” MOFFUEP At Huidg may be
d{nw&c@a el nHASAE alIvatibQWr gl 9sted B kiHsHaRayOX s R @ FHth D

a set point signal S12 provided as a seco g
i wpsnr optyu*r wgngh daluespinhish aleas@rdqdﬁﬂcyamhéhﬁ agfociated total flow rate

CRRLR keQEnsorl SPH rEBRYdel REhekdRayl Jﬁﬁﬁa{t&ﬁk r@itfonéti@berRedal t¥tal flow
various feedback control met hods such

pRFERICT BRI TrGrertishlar susiogge Apide SHICE He de%ﬂﬁg Edpitopghiip between

ARkl Yiglyiak® séndtoipls mBEhdE 88 hﬁé&l‘ a lilngbnzﬁtﬁlﬁhtcﬁﬁ/le ma@ |b@ generated that
control, G.L control, etc. hat attenpt to re

P RPSOE B505 U R RS St O BBt has & sisantally more
H@L@H@%@Qﬁ&gﬂ&ﬂﬁﬂm1§§wflOM/rate prOV|ded by program
1548 and the set point, signal rovidin riv
si gnal Hp¥$Ven ﬂ’("’ﬁ%‘“@’é‘f’"‘% b%f&’g?]’atf’@} QW 8%1 {%HSS{ °H‘,IB‘1‘ft ﬁlcga“ge from
Vﬁdlllueo Adid @Lﬁchl uém ﬂtﬂhﬂ%arﬁﬁwn(?a&ﬁ/e&'mtpaﬁlmlaﬂs(xnfogﬂw\ﬂﬁlﬁmrr@t be
oW adapt e
avagrgrfgroﬁ %‘BH@% 0CESS ugl glfp ensgﬁéoni@tlpqq n&pgsfl*éag generated
?lﬁltimlir@a&ﬂaﬂ@kctﬂve@mranmﬁﬁeﬁf s@cfogl%(ﬂtﬂsﬁo Duting bpectitiog oa 2
oW S 0 avi ng sens ctronic
cPPEe S the BRGREHRS cirge BRSPS moa st e it i s then
las20 amha cdnsdnmmessmofaﬁops applied. wae‘teheucﬂi ashslarft kcawiersipn
L‘%JC%F Eﬁelyt ﬁ)]‘nénrlcfpa? %nrgl& %Q%maccur oruéslh gc{]{gﬁge inear rgré%%c;f?l%eo%ud In
f ammm umugmc@mwlmmmemb@spmn@ Gt OsTimzendsating
P %earlzatlon c trgfmerrc;us SQ&O%%E%%&% Bﬁlg g%rx%unfngrpy?c!cégsy of

or con ul sensor
c ondui Appleeikhgeappteoigtet ek canyerftipnahcanyrastidn fhgtorahriaythe deficient in

£ ui
el AR LRSIy TR i
pfleid@rt¢drdingto muitxplh mthmntAmowd byi Applicanthig ralatiopghép may have

b%&@?o%e&?%@ludﬁg Bh de@ﬁ%%%ﬁv E{]‘ Fen\%v&r}%t%zha% i%%%% "t;ﬁﬁ frd

r la¢taremm¢am ﬁowen«mmasaftmv fThese uwatcempmenh enay ypy i fferargyofrom
aﬂgldtté»1 ﬂuifdla%\’ aleEn in@ufﬁagntly compensated or corrected for by conventional

conversion factors.
In particular, a change from a first fluid to a second fluid may cause the

relationship between sensor flow and sensor output to change in a different manner than

RECTIFIED SHEET (RULE 91)
SA/EP



15 bypass 1640 nmay not be linear. That is, the ratio
between fluid fl ow ng through the sensor conduit,

WO edoens®ss t 0 as sensor flow, and fluid flow ngP€TID820041009144
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the bypass, referred to as bypass flow, is not

constant for all flow rates. Flgd/v rates in flow path
1603 may vary betvveen zero flowand sone full scale
fl ow_ val ue, one or rmreflow&gaﬂ|e rowde
Shelrﬂglcglétﬂg B?twetgl t@tal %%W“%ﬂﬂ%‘ﬁt g@}( mple; re pg@xvgéomponents ,
Nk éf?@eﬂ:d%?%tfféréiﬁbrob&ﬁys dffick fRAd 6 ddefating Ednditiod oftthesensor.

f ul scal e flow val ue. For exanp

ndF fehi coameripnal gppversion) facters Blych a@Hartgﬁaﬁmpf%*a%W adgress the
Vﬁhéﬁ%n@efnt OarQltlbﬂlgf th@ b rehh @hnpohdhe nPlubiied\éh th tintbrfah@®¥veny
through the fluid path, a value of .3 indicates a flow
othersfis pften ipgdepuateal e flow, a value of .5 indicates a

f1 ow of prredft Bhs ifietified al Hpfebiivd Rt By erhﬂﬂﬁﬂ@& senkdt model

practice, this linear relationship may not result fo
t preording t%WerPQeSFWV&P‘F?"eF’éﬁQIatP@%‘% e@f) sepsgr QetpyhgHd %Faﬁor flow

b&anl deRBAhctiLH aﬁ@&:@ﬁﬁfelﬁd@s&@@@ﬁém fﬂuQWo fl@ﬁﬂd A&)acbﬁ}@te description
rati o of sensor flowto pass | ow may

cofrfhis splationship §0§11‘éat%ﬁé§P9L@Hn$ %‘ﬁ @@ec&fdure %We .naie égeaﬂryrbetween

C V& Howoa kserdsbro st Bfefisor oW bACBYpadsdidvoshcE thw@cm &anbe.
of ten generat ed that maps , sensor Qgﬂgut val ues (e.g.
fi

sodepspdeatly serrectsddphegoperpting qppn s PFOGWS\ﬂéHdues

havi ngl\é‘éorcﬁd%g)ﬁbﬁélidp@dt by thewfventionRMidek sﬁtammgrasnmrmom th
respect to

e total w_t hrough .t he fl ow
t WEFPULCHIENS Sl tes E}P‘&d{‘atg%ﬂ‘lﬁ"é% Sepg‘ﬁié“& ﬁ?"ﬁfn"feﬁ g‘?a}@%ﬂf”é'&m
f b¥ponEipBfiSsutPthathe 6ér@nal ofact dveipoAsnt 64h beakidiebsodand/or
based 8 a sensor .output Si %nal t hat ha

o BRTTEBIY SPeBn i RSt SR ARy process luid.
PCT|/ USAG04#7 D08dA% ond Smbatimen sadhe pfesent &fvémfonaﬂiuﬂldm(‘jg calibrating a
nonl i nearit r._con
a [ rm
s Dl Hutiae p0lE PEDTon Do R T Rie SSREHN,
§dphxa{el3f deﬁWr néﬁflﬁaﬁmd 65/[&1&15# I}Qnt-lmeﬁﬂhg bg emploging afsbmzwr model
é t d t hr ouncé; arEnP- L Qw mdw As such, when
tYY e"f?PSWIB% MRS S algpsen oPM%onduit the total
flow ila sﬂepeqmala t¢sofltid 8 76k fiz eraniglowitrogihehavitigknbivow pat h
Cﬁxn%al@ yesxcal Pr%?esrp ?s 1& &ﬂg&{ic‘é? N dsen%sop gésl%r%‘cit,’f kra% %@cg ﬁé@él%]eto a
byyass lﬂllanw thbiow path aorsstrof me|smat capdbik. bFleettesy fuid 1701 is
Pr.oc r : .
PRSEEHA B of Ypicoflie SHIAORRY Suds it ol sflor responds with o
r set 8f désired swsgroutpyhyalyesd bQinGmm calibrationsgnipmentas tigsgtibed in the

N X e T
r for oxatenle, watolvestricalow mdiet antéreﬁqtéedrselplaﬁlatihs relasionshinfebreen
t Q@ ldwP & g A obH eguﬁ“hifsgé fbg BéeQHi}oﬁﬁatxon 1715 may

surrog ate I nce the deS|re tions
bénewéestoretd@s part ofl coliprafion ra@ﬁlgemertsm@ét may not be

|| neary, fpli786afd £alr Ay SUENIGTRYa BaGSIBN Bk 6 bath of the

maps eac sensor out put value to an | ndi cat ed
v seinger inddes heth the ssuges eendnit and the hypags. Slmxlar to step 1710 test fluid

1701 may be introduced to the sensor flow path to provide the various desired sensor

output values in set S and the corresponding flow rates are recorded such that the

S

RECTIFIED SHEET (RULE 9
ISAJEP

0



linear relationship with total flow 15 However, the
rel ati onship between total flow and sensor output wll

web@nges2f¢ om fluid to fluid such that a |i neaPCwES10041009144
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curve for a particular surrogate fluid may not be
valid for an arbitrary process H uid. To conpensate,
conventi onal nethods have generated nultiple

lineari,zation curves for a nu s ) rroa f
z?twasl%a'éqt\g?qnaﬂtabﬁm\éan Pr&8]‘e%l$|$ Fsm%ga’m st ’F_%O Ll‘Hlsqgtal
| kg3patisé idrin@tiorC L3 Y énag &8 Gurtibedorbdss paht@f amatatﬁn febdifements

si ogate fluid is then 20 used and a const ant
ersion factor is applied. However, such constant

conver [misep 17&@@113&@:%@ duﬁfe@lﬁiy)be geﬂﬂrertéfcaa&ht @?ﬁfh ziibb@fhﬂ t¥ the
I naccur at e utside t range. o t he ui d

a SIS ogtPut ‘i“ﬁé‘??&'ﬁ‘f%?’f’@sd thcﬂ‘ﬁ?t ﬁ‘aldcmsoﬁe%ﬁor gyput valles to
MRRfdfed flowivalubORavilga sluﬂst@ﬁlw latemglanbnsﬁi@amh&afal fisw. This

rves for ous surrogate fl ui i me
C Hretization cums L Ly Heafid s i afcy bifion BeAsbREents 1705.
convengdr@Rahplé, mwﬁxesma@rbe ffaﬁitm Set H%}blrbemdﬁﬁﬁr@ t'@tﬁl fldwrate as a
el ween ta

ecause t e rel ationshi | Qw
ﬁﬂ“:‘é‘ﬁh‘é‘g?“SB'iﬁ?“&H‘ Y APICESV G lB‘r‘?ﬁ‘“ﬂ%B‘i"B‘“%‘O“ Pf ‘8? gt OIE pomis. A
afiseriditidg chie Mal theplbe deteinlintinka mapé’@almh&ﬂg th¢ total flow curve to

i cant, thl rela conponent s
s s 2etref e R B et bR D Brur ey Bupul e total low
s anmedr forkhtekt fhridl Fdoekangee) adiaasiasticnl coive ang bb gpriested by

£ Pl st ARakn e RL RES tiading ot tingne SeR¥Or output
c oﬂ@ea&atoefmwmcm geBmt emtplito'aluhsyat didhseeala ttio@n Maridds methods of
](c: g%{e&\rtl?ﬂg g?aewgatgmggrvg ﬁalor%ermza ul arfdrgl%ﬂ%h al{l]l%gcur 1o skilled in
r eeatti (Bhszbvqn, ang tovettend of enapping § tocalvflanduse ndmanm}lypma lih®is

chan e dif.f er ent i ECT;i-' RED SHEET
%@9&3 e e s O P S oot U004 000144 40
t he r eTlatvadosstviahbbdenmensuremts olithiow mnldscsibakiothef hepeing may

;8{ ?tSRéS"FFJ &am ES%GCQM% %ﬁ&@@ﬁﬁ%&ﬁs‘}%m@%}e o&?&tcgﬁ’lpg%r

erent properties era
c b6fdi af Fh.s] 6o¢mdt swbsegeandp psed tonEciditatehan mdmm;hnn corradtion of sensor

c ' hgg% rical do not
a%gmg@&59ﬂ£££§%§§§ %@gﬁph%ggﬁgﬁlon %?§Hﬁg di fferent

conponk sioujdrfel anewele@d gt thp ect gEprivse inglivgting the Blationshirf sirween
0§Jn§6} ﬂom g&ﬁﬁbxeo &QE& d ééﬁg& regl?ocnsé 61&%1 f | ﬁ’% s@ﬂff points obtained in
appreci ate enpl oyi ng a senso

astew Yi0regd s@rqdh@cad%@é@h measyieaenis dM05)t He sych) 'atcpmneqﬁlpp with a
b?én‘é@‘%cﬁ?&%%m%% P lore38H iVBRRA a {ch@resféfle p(ﬁ've obtained with a
characterized and accurately described fromfluidto

f fegt fipid mglugescipraterigie dafpimpstipn aboupthe sqriser. ﬂéﬁtafnaémpﬁe@tatwn of
f aeichAh@iRfic ﬂﬁx@f?&ﬂhhﬁ& Joinedlbl GpdiFing HR sbRof R6del to the sensor

non-1| i neari tfy bet wee
response curve of the test ﬂuld This representation of the characteristic function may -~

facilitate computing a sensor response curve for an arbitrary process fluid. By
determining a process sensor response curve, the sensor behavior can be corrected for

independently of the bypass behavior.

HECTIFIED SHEET (RULE 91)
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to sensor flow and sensor output and sensor flow and

bypass fl ow such that each can"be i ndependently
w@oroneg2e6dl f or when operating on an arbitrary PCDUSNE4/009144

fluid. Accordingly, one aspect of the invention

i ncl udes obtaining calibratio asurenents with a

test fluid that facilitate segé);{gting flow neter

behavior into conponent parts such that the beh?gior,
of eaBeferingpesieinFlSal. Banserd@l @mawbe eoypled fo computer 1680 having
o BHSRBRBCRRS L 865 9686 WBRG 168 ARNGAE virfoud BATRIRY

on an arbitrary process fluid. FIG" 17 illustrates one
enbodi ment of the present invention including
calibrating a sensor on a test fluid to obtain
calibration nmeasurenents that facilitate correcting
separately sensor non-linearity and bypass
non-linearity by enploying a sensor nodel when
operating the sensor on an arbitrary process fluid. 20
In step 1710, a test fluid 1701, for exanple nitrogen,
havi ng known thernmal/physical properties is

i ntroduced to a sensor before it has been coupled to a
bypass. That is, the flow path consists of the sensor
conduit. The test flui.d 1701 is introduced to the
sensor conduit at various flow rates such that the
sensor responds with a set S of desired sensor out put
val ues 1103 using calibration equi pnment as descri bed
in the 25 foregoing. The flow rates giving rise to
the desired sensor output values are neasured by, for
exanple, a volumetric flow neter, and recorded such
that the rel ationship between sensor flow and sensor
output is obtained. This sensor response information
1715 may then be stored as part of calibration
neasurenents 1705. In step 1720, the sensor nay be
coupled to a bypass such that the flow path of the 30
sensor includes both the sensor conduit and the
bypass. Simlar to step 1710, test fluid 1701 may be
i ntroduced to the sensor flow path to provide the

vari ous desired sensor output values in set S and the
corresponding flow rates are recorded such that the
atr™' .ry '..8 . # . ..:[.) Sth.ir" k ~y #SLwi- (F-
jj._ C- A/ EP WD 2004/ 088256 PCT/ US2004/ 009144 41

rel ati onship between total flow and sensor output is
obtained in step 1730. This total response
information 1735 may be further stored as part of

cal i bration nmeasurenments 1705.

CECTIFIED SHEET (RULE 91)
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In step 1740, a linearization curve may be generated
that, when applied to the 5 sensor output val ues

wo e®uss2sg fromflow of the test fluid, nmaps SECBFUS2004/009144
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out put values to indicated flow val ues having a
substantially linear relati onshiﬂg with total flow
This linearization curve 1745 y al so be stored as
part of calibration neasurenents 1705. For exanple, a
ceasarements 687 otitainesl using agext floifl dpringdAibiatich 68the R@sdrat al

f f.unct. 0 ensor out b ]
B N S T T
@nsdr respaNsE zarve oﬁthe testvmndmyoth]fﬂﬁw Repoisd @fve dTelh tbA&Ahid and a

w curve to val ues

.val ues al ong the total fl K
ni?r%%‘éza%o% Furye Smegmnﬂglg g(bﬁ]ﬁ tqtﬂ W IRSPORSE CYF e ﬁ%md&mn memory
b deey mﬂm 1eautopuprogﬂadl doﬁﬁaﬁahngf ih@Mictidrs that, W@RA cklted by

| i nearjzation curve may

OB 61 o 1435 S ARGRTTAGS & (BT Sl ahieSme corepoRdee fow

tlfateélto cfﬂeflmld GhluyEOftiR chalabtBstie FRE6A bitle bdASorS %{‘&Hﬁtmn one or
out val ue (? zero flow and the sensor out put

V&P Gé’§°g£ﬁm5f {erpd wangreery (1680 mayaipeladasinpricenssonfigurs to access a
gepresentatibm ofa tHaPRRFibFcAh@idn ?(%b\feﬁn 0h F%deg& &t?ahllei ngl}l? and to

|nforrrat| on will occur to those
HOwRYErR floxhipte fam g obtringd pparany \alqe@ts disclfss@vin cenmeaion with the

Syabst s toal chehtd Rs@ibkd B&hd f%reg%ﬁl sidered to be within
the scope of the invention various calibration

measuft iusigtes opericthed eresrdingiie thelpneseltt envfenmcaghatmgay be

{ br at i
RIS 3 oS e, BRI 168 oRlekld B bE o prasgans pred n
Fpazory €.2.amemenyd$8gjue Bﬁplalgatmé ahdep:enﬁiactlyl dotradt@erB0r and bypass
[ ion of. and bypass response
te?@%?éf%?eﬂgor%%ér%ﬁﬁér? ar otfl E@ d;Jr ocess fluid. It
shou | W lza lialp ﬁcmd ot @parateeedendon €. & Sdengdk 110 iRéd¥porated in MFC

ti .relati sh' be e sensor fl ow and
L8005 ao"ugces Vg SRicaf Sy h?é@ssbﬁﬁf@qm%%mﬁve gqnppgted during
selibr arionpna}m&d abieioneded 10 comp@idatd fokhAtaGbrQli®sehdds the sensor
cali S‘E@ measur ene

é%a% n Qp§tfing OQSjlfieé(ﬁ‘g Pld)ﬁoH’egltepaléé%rﬂ&‘? iQt! flew regponse curve

m—‘e@em fliid\weided durify GEREHEn SRFPRASE nfay b Qivih Bl AR Gensor
th a tesé fl UI i ncl udes characteriStic informtion

é??BﬁﬂseFHréfe 8 ﬂ@éﬁst bif} 3lso plyaingd Jusiye salimsationiof thegensor. he
C har antspeuls bé ?ﬁréﬁh@éd tRAY sTHBY thB GerRBH BipdRY WeaRRL N fsl?l%

sensor to the sensor response curve o
1r %WOHF}FIB gfveathieasqr dlgpaad sanser qyipubfang the tedlfloscueve 1sd1cattes the

fré1nkIAP bEM¥en tfh@ eddiidlodtAd @%%Hﬁ ﬁ%r]cg‘sg gu{det?lg PA3TEis an

curve for an arbitrary process
dkication pf the relatiopshicbeiwerasensor flew pmhtg@l ﬂojw Mbgt ig, IIt&epresents a
|
g;gh%gg%\g BRI R o CAM UnGPLR B LAY b%p%gﬁfffe Hgﬁ% ¥ 18be
bmﬁpﬁs@% @@mwgszmmhw%ansepmvea fiiaf the totah goageupanse Qurve:

j gtesf's@nso? fipiise &ﬁ‘a'eo aﬁ@y) ab[gst %yp 5S gw tclg)rvC TR tes% sensor rgsponse

curve may be corrected in sensor correction 1815 and the bypass flow curve may be
corrected in bypass correction 1850.
In sensor correction 1815, the test sensor response curve may be converted into a

process sensor response curve according to various methods described in the foregoing. In



a processor 1685 and nenory 1686. Menory 1686 may
store various calibration SHEET ORU-E 91) | EP WO

WQOM40888256 PCT/ US2004/ 009144 42 neasur enent BC1/682004/009144
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obtained using a test fluid during calibration of the
sensor as described above in connection with FIG 17.

In particular, nenory 1686 may #hclude a sensor

response curve of the test fluid, a total flow

r esstiautes gin ctep 1 820) Bachhvé theasisof dutpud valneh of the tedl e@tisbzrddponse curve

di t he total flow respon curve
e e T CHaRtEg s S o Lo R aroRe Y BLiGe teghfand. For
pexampiithe @ﬁiggﬂ Jutg valogtmdyHel iolSplich &t alsmﬂ@ﬂct@x e£té Rek fAld and
. S5,, maps.sensor out put val u 0
CHSREL e SRR ERGELVIEN o LR €00 bl (Y BAY roatdesogthe
OfR&fsantdr Maodescudle hdyebeihapadiodipbdhd FaliddRiSink Qe oddWRoperty of
ﬁgnsor. lggﬁddl tion, one or nor ogranms stored in

e r
FeFnjorAB8 Bt Iasy OneRIPRENY of Histlest) ﬂviﬂoﬁgr amplegie eperpng values may
AL REHuRd ubiBPh BRANRE HRRPhold s gﬂ;ﬁﬁ&%s%l&ih%& {vsgthfl %Wﬁdo‘ﬁgh the

to obtain an associ ated operand val ue an '
cHafs eed e Prapdil pamberof ateshBuidbAgsordiselpraientesentation of the

dirafHRRGH hibteR BPGE ki Mﬁ&ﬁ & Jb%%]ed.var i ous embodi nents
d the f . Fl

described in or egoi n 18 illustrates one

et hodn sfep 830 paghtodthesenspr apm valiiesof Htejtest sensertrespayselserve is
Pfbgpl f@&aﬁ&eﬂs’cﬁrvgﬁlgéﬁs% t(lg same m%y ﬂlég@ DAL us1e§ %? gte 1820 except
eXx (Putl ng one or nore prgogr ans S gr In mam)ryp
(tbatgropertissrof the pREES fluil e pwd dnsteadinfikhe tesiefiad dBortelkymple, each of

pass. .15, effects of sensor . .
cIBE bl RO AR AU RRRToIR o b A BerS) o SRR P op
ofieideat gy the hensd cofductvity fehregnocedsGhid.i Siaas the semt@dnddel WC
1600). .on.a praocess fluid different than the, test . T
BB R AR Bt s iab g PB S g operties will lic
cabighhatanercurm@s tleesbtdridtib ealgn ifappddagdinlg st AnANSRER s, fthiE
t.ne behavi oy differences the sepsor ,mag exhj bi t. when
JBEFRbIFoD R Her FLPAERR o8 PRETRIG ValoR axspeipied st Hopres theguragess
fidy response curve 20 of the test fluid obtained
during calibpration of the sensor may be divided by the
sensor SERS ‘@n@‘é CE%?WISB? valpgs compyted pqgprgling tg ghedisedgpsiand are
dised f(bgn&é&'tlilé%%‘e&eﬁfﬁti@ﬁ of e clR@ReRitic fuhctDAVBlatheRn step 1820 to
appreci ated that since the sensor response curve

i IR &t 88ociael opeend v lBh shifleWiate wseriated it cadhl afhearbrined
SUpeRAl vAM sy beRARuibRE bl %v@}sinfgltﬁﬁg‘éfé'ﬁ)fﬁ of ﬂcﬂﬂsf@b G@Sin E\?}perties

rel ati onshllég between the total w and serisor out

vitfthe sepger arsksthe proggsd fluidh éceerdinkly, & sensor r@poisadinya fordie mocess

tlifd bnG) BE HIRRERI ekhgﬁl £ e FPRL tétL Wr A5, Rh8hsiit AR

that | g !I)t r ep@’es nétws% % gé)g’pasns 0Flow curve. @Eslclgﬁi%on of the

rsesigr-t It shyahigrappretiatotl shaathd pyepasensef fegonse @mvetihdicdtessthe

fLuis 91} t S, IWo curves. hav

L S R A OB R SRR B s
response has been corrected independently of the bypass response.

In bypass correction 1850, the test bypass curve as separated from the test total
response flow curve in step 1810 may be corrected to compensate for the behavior of the
bypass when operating on the process fluid. In one embodiment, the bypass curve is
assumed to remain substantially constant from fluid to fluid such that the test bypass curve

is considered equal to the process bypass curve. In other embodiments, a bypass curve



1) a test sensor response curve; and 2) a test bypass
flow curve. The test sensor response curve nay be

w@eones2e6l i n sensor correction 1815 and the bREEBS2004/009144
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flow curve may be 30 corrected in bypass correction
1850. In sensor correction 1815, the test sensor
response curve may be converted4#nto a process sensor
response curve according to various nethods descri bed

| may be adsomhedyni dependlon aWEHiaH Qﬂfa@@&aﬂﬁuﬁ%ﬁﬁy%Q%&ﬁ&i éfthe
4§¥ articular, in s each of e sensor out put

Bitangeersie st neuohip F@%ﬁdﬂ?@g@&ﬁwen yettser conduit and

b B hst,dné BRaRpBYiGH hopMabiEIhdibitds Alid keAst vRERity,
property of the test fluid. For 'exanple, the sensor

o temmpETatiye P e Piogsps Blidngie-t AeAordinglyp tast BYRapECUr ey begrorrected

t Bel/dr@0hverted tbh R0Ebss Wp‘éés@ﬁgle Wcotr&lﬁg {0%? GPl/arlous models that
conductivity of the test fluid. Each o | ow rate

v égsgiale b thi bymsy @@@V@éﬁ@aﬁes PaemeneEing o dtfferﬁayﬂwés

nappe

napps ﬁlg s%gﬁgg(? i rM&lssUs%gsac% t?ésg&lgé‘%}rg%igﬁultﬂﬁ%d B% ﬁﬁ?ﬁc)éss bypass
f purveito abiain e Riapgss total flaw regpensaisurve af the senverywitthige process fluid.

CATRYSERL 0 PSSR A AT 1 SRRt e
Praivestofl theymdyess total ﬂmrﬁme ¢urvd td a splostamtiallyngpaight kne. In this
r 8%1%? ea%n%aﬂ[l)z%ﬂorb%ur\tfehtgr the Iflagv?s(e:rtls%r éépsétl*alilgg f8n Qli %r(lllgﬁragf prp%egs $tluid
smas bdf oloiammjfrom ablibegtion inchhieerh@sd olﬁzﬁﬂi&d@llﬂrm@mtbfaﬁen ofthy sensor
PQEQ%%ﬂ @haracterlst|c val ues using the sane
G &

used in step 1820 except that
p rh o p e r]ﬂa\aﬁ @fs%lrtbb& s@et &ﬁﬁodﬁﬂléﬂtﬁotﬁn@]{lmﬁn inGete6ia tardhs
t e test For exa each of the sensor
pu rbLiiney A L oy osc il Fagear. Sreh
t ﬁedlﬁbﬁIbQS snd ihipteBes adintéhed tdne Wwikten B 8EIPBIOS the invention.
ﬁg@guct|V|ty % the process fluid. Since the sensor
F sqme iRl pesadcdheEn Prelve mseific capbigations ohfupetions or
NBRRAEh] RhREts Ff 8RB uhddrdodd @QR8KIsE Bfhcibrsland él@meﬁ& PP ve
the sane curve as characteristic val ues mapped usi ng
t gapbingd jn gthey wpsaeqasding forthespresent igvensien traceemplish theserte or
t &if@féﬁ%lﬁecﬁ%so %?ﬁﬁgﬂé{a&la&eel@lﬁ&ﬁgé@tfggﬁéﬁ liBeukde@'h Qnntin with
process n ste characteristic
v%ﬁf@éﬂ%@?ﬁﬂh% dotdefended “t(h@e Q‘@lwﬁbﬁ@‘n ecsgibr fdlglingtlzer enb@dments.
u r
%ﬁ‘g’{‘?‘g r}ﬂ/ g éﬁlaglgldﬁﬁglﬁﬁﬁf"ig g% W? opéxa%- e O%Eﬁ LACE §60 ifbh&d as
akimitipgall b‘dln@géloa mllrmmdumly 94 defimed/ bw&hﬁohmmg lckatrmhnvmltdw
bt ai ned operand val ues nay be cal cul at ed
%ﬁ?ggéﬁgﬁﬁggthe operation of step 1820 using
pr operWhass claifmetlfie sensor and the process fl uid.
Accordi ngly, a sensor response curve for the process
fluid nay be obtained by enploying the representation
of the characteristic function of the 25 sensor. It
shoul d be appreciated that the process sensor response
curve indicates the




rel ati onshi p between sensor flow and sensor output for
the process fluid, that is, the sensor response has

whe@n/0gs266 ect ed i ndependently of the bypass reRQEDOSEN4/009144
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In bypass correction 1850, the test bypass curve as
separated fromthe test total response flow curve in
step 1810 nmay be corrected to cdfipensate for the

behavi or of the 30 bypass when operating on the

process fluid. In one enbodimxmvis the bypass curve is
assuned to remain substantialTy constant fromfluid to
fluid such that the test bypass curve is considered

equal £.0 thenRihes 8BSenBMRAShafddfe¥iftic ihfdrRAtR&lof a sensor comprising
enbodi nents, a bypass curve WO 2004/ 088256
P@#?QE2004/009144 44 may be assuned to depend on a
variety of fachois oCHaliradespiia ifdlentl GRRE Ldidit 8f the sonsor
the bypass and Sensor, for exanple, % e difference In

| &xgedh dfeplvsality phesnspsauippt vabwelui t and  the bypass, one

or nore physi ] : [ .
as Vi scosi %fgd,o‘ﬁﬁ]tj%prf%g ?lggvhr%tg ﬁlo% %c%%g% %tgég és?)F {til}llg d {;?e éft{%l?plurahty
Actsnsdr ngfbyt values;est bypass curve nmay be corrected 5

and/ or cony { e .CUr v cprdin

Co any of vameiihe BuRaBl AEFE BYEBIRuEl LaGATRR Bhion
bhst whosensdrpnipesy aitbnficpgopdriyrod thenest flbifder ent f 1 ui ds.

In step 1860, the prqocess sensar respponse.curve is .

mul Ui pl i ed PP & USRI 2L e PPt Yales g Speppegtive
ptlecessistiotale dflaghiraleg pHetamcetisiiceratiks bdsed sems@ondiproferty of the
tEﬂéﬁégce s fluid. Accordingly, in step 1870, a

ptd ¥ neari zati on curve may be conputed that maps

10 val ues aforinp@t [eash 6RS@Bpreghftiod AsoveidtRigRAMSHefHd VEud With the
a substantially, straight line. In this manner, a

| TSHRESHY S APTaGHT IR X?&41%f or the fl ow sensor operating on

an arbitrary process fluid my be obtained from

cal i bration measurenents obtained during calibration

of the?senddf mefjjodiof glaiim hayherqinte agtoficenveringicpy flow rate
d8R eGSR Rt HAOH 6 BliStoQf cobrBohdINEBi - vhite ba,seTi at
detail, various 15 nodifications and | nprovenents wl

r Eadiin pergicasrosseetivnslarepidf thesansoncandeit a¥ the segsertand a
madifleridtd oRsh 8P6le LdRsOovenents are intended to be
mﬁtﬁ%ﬁ t he @%ope %%&gﬁe invention. Wile sone

exanpl es presented herein involve specific

conbi nati o ' . SEL UGt ur t '
Shoul @ be g aieaiodaf bRATE Herblnt Ut Bl B RN R ok
maglubes ancondficneckrting eatcthBow vae/t® azonespdiding dmeranderalue based at
p ent_ Jinvention.to acconplish the sane or, 20

ElFS 1 ot RGP £ RinBEE AT o AR o s

and features discussed in connection with one

ST 1 on B FicBe o PR i ctheiinihE ot SRedbRtinagh fovat

f DRy anGcEefiveptiigtach SBowyaterdy cofrespyading Epetdild Walud Bhed at

[ not intended.as limtin The inventionis limted
of?las)} lw%%%nﬂaﬁdt@wh%%ﬁ?ﬂ“}t%{w%&s fest dand t he

5. The method of claim 1, wherein the act of converting each flow rate

includes an act of converting each flow rate to a corresponding operand value based at



equi val ents thereto. 25 What is clained is: 30 WO
2004/ 088256 PCT/ US2004/009144 45 CLAIMS 1. A nethod
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conprising acts of. 5 neasuring a flowrate of a test

fluid through a sensor conduit of the sensor for each

of a plurality of sensor output4&al ues; recordi ng each

flowrate in association with a respective one of the

]P}eau’c al pdrtyon afrohiRnsRy R@ublg_tstnum?bbﬂ.@%céa@aw Wil GG ﬂdgmﬂlr(ﬁdi@ﬂ fthe sensor
ow rate to_ a correspondi ng operand val ue based on at

1??d|"’e%§1f twb§%ﬁ§%ﬂat?ﬂ?‘8%é%?ﬁs’aﬁﬂ&a first property of

the test fluid;, mapping each of the plurality of

sensor_output valuyes to a respective_ characteristic
val ue ®f al Pamomofclalﬂn Erishesin W Pl eoVATHaE saabelomratsn

AinSRAGA aBf StR6AVeMinRfealilow Pa@@t‘b_a%bﬂés‘ﬂbncﬂﬂ%opﬂ*&ﬁ ivABle 84sed on at

| east one representation associating each operand

vispsi eneyflyig depeadent scajedagieict i ve characteristic val ue. 2.

The method of claim1, wherein the act of converting

each flowrate includes an act of converting each

flow rate tlbe method oéslpion bliwhgraipie aeidf mappriag preb @fthaplurality of
I [ 0S5~ [ :

o SRS o lles Al RCERE oA AN Rl 12 SRR
ofaludsdo & masprotive Garatiedstivatahiodf the pbiraityrilchashteristicrvatuesbased on

a1l AAMPLIING, FICPuLlQpngt ¢ 1 ncl udes an act of
conveéerting eac ow rate to a correspondi ng operand
val ue based at least in part on a Reynold s nunber

associgated-with, . fl.ow through the sensor. .25 4 e .
ot ot or  dfk ikl S P bl e BEYP Rni62 it oL piupaity of
f $emyorioatpat values insthess @nacact magipingeastesittheyguahiyof kéndwy output
rate to a cor.respondi.ng operand vyal ue sed at. | eas

| s Bt SR BDE LD AT e e A Frefitie 1ebet based on
f htuéast ondQIukd depbRlemcothcair. cl aim 1, wherein the act of

converting each flowrate includes an act of
converting each flowrate to a correspondi ng operand

val ue dasedhanethod of claim 1, wherein the act of converting each flow rate and the
act of mapping each of the plurality of sensor output values are performed in accordance

with the relationship:

wherein p is a density of the test fluid, O is a volumetric fluid flow rate, L is a
characteristic length of the sensor conduit, A is a cross-sectional area of the sensor
conduit, ¢, is a specific heat of the test fluid, xis a thermal conductivity of the test fluid

and fand g are first and second fluid dependent constants, respectively.

10.  The method of claim 1, wherein the act of storing at least one
representation includes an act of storing the plurality of characteristic values in association

with the respective operand values in a look-up table.
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WO 2004/ 088256 PCT/ US2004/ 009144 46 |least in part on
a product of a Reynold's nunber associated with fl ow

wo booa/iog2s¢ he sensor and a Prandtl nunber assoRCHUSZN04/009144

with the test fluid. 6. The nethod of claim1l, wherein
the act of converting each flowrate 5 includes an act
of converting each flow rate tod4a correspondi ng
operand val ue based on at |east one fluid dependent
scal e Iflact @he méthod BEclaBt 1) Gdthef cdnhpisi hn a¥O@ s8R 4 M8pping

act .of ppi n ach of the plurality of sensor output
ﬁpﬁ@g&?ﬁaoa OFf,raigs o epergnd ﬁ{ﬁﬁu?@baé"éj(ﬂﬁ legst ip paat on the at least one

Pirbseadyiof YheQbnsdgnsor out put 10 val ues to a respective
characteristic value of the plurality of

characteristic values based on at |east a thermal
condugbpi Vi t ' - : '
1, mhereinqyﬁg&g%?8%§ﬁﬁ%kg$ﬁ%pgg§ﬁw%$%?%g%gﬁg?a ?%%&g?]
JBipEE configued lpgpuves flomcraigs esopgrand eluestin penopstanes witicthe
Qblafiienfpt ural ity of sensor output 15 values to a
respective characteristic value of the plurality of
characterigtic yabies,based on at |east one fluid
dependent Scafé Tactgr. 9. The nethod of claim 1,
wherein the act of converting each flow rate and the
act ofvhepPrgthe gpdangfvalueo B¢ aideasity 9f the tegtdhish O Gt ylitmetric

val.ues are perforned. i.n accordance 20 wi.th the )
VR Bl 05 5RraRs e BER SRperontiib A  rosr seetional area
toFsiie sbhdok BondQt, 5 ist spediBETRdal biGthé tebti Thid, [xa¥ fHREnSal cbndustivity of
characteristic length of the sensor conduit, Ais a

dhoest fuidandgisp tost Bid depepdrat eas@  conduit, cc is a
specific heat of the test fluid, x is a therma

conductivity of the test fluid 25 and f and g are

first 1dnd Eﬁwﬁ@od plidlaimde fethegompeising m adt of storing a first mapping

g:gltﬁﬂﬁ?éc{ t\ﬁ%l)ﬂvert]sgnsofr &e\ggt{mﬁlné)sdto %ﬁar&ét&isﬂ{: g%luéyﬁ Qc%l){ﬁﬁlté%gwith the

of storing at one represe ron I nc
aplatimshipf storing the plurality of characteristic
val ues in association wth the respective operand
val ues in a=lfok;up table. 30 WO 2004/ 088256
PCT/ US2004/ 009144 47 11. The method of claim1,

fur t hheR@I@4rt BleRBarBflerRfit vAhesSS el tibseRAsoBRBA G ues resulting
configured to convert flow rates to operand val ues

BepseHow of the fest flyig, pig e thepmaltchadustivikyeefshe tosidluidandgds & fluid
Qlfepénlagnt%gﬁk%a% associated with the test fluid.

14, The method of claim 1, wherein the act of recording each flow rate in
association with a respective one of the plurality of sensor output values includes an act of

representing the association by at least one interpolating function.

15.  The method of claim 14, wherein the interpolating function is at least one

of a spline, a trigonometric function and an algebraic function.

16.  The method of claim 1, further comprising an act of creating a

characteristic function of the sensor based on the plurality of characteristic values.



5 12. The nethod of claim1, further conprising an act
of storing a second mapping configured to convert
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relationship: (i=g. PPQL CP A Kwherein O is the
operand value, p is a density of the test fluid, Qis

‘a volunmetric 10 fluid flowratd8 L is a

characteristic length of the sensor conduit, Ais a

cross-sectional area of the sensor conduit, cp is a

speciflc heat of tes id xis a

conduct’r vi t GSFMKFﬁECPE%i6#Wﬁpﬂagﬂﬁmﬁgﬁgsﬁ?test fluid

dependent ggasirdgta prdodss stiser sRpliealue felatddorn flow faterdfa@rocess
an act of storlng a first mpping 15

Nprj Si
gh@tﬂﬂ? hg PN FORIE sensor out put val ues to

characteri Sﬁdpﬁm‘é@lﬁé@@ce‘s@seﬁéb@ Gﬁtgﬁ%ﬁle‘% b Birst P@cess characteristic
rel ationship K wherein c are the

ch%?eal?ﬁs%@?fs%ﬁ@tﬂf%%sﬁt@p&‘?césstﬂ‘r'éd=sensor out put val ues

resulting fOB%TElIﬁ% Qﬂfs%roéé§§oﬂe?aﬁﬁ vf,lllué' irféludinrg' asﬂcﬁv Faﬂ:%ﬂ@bnent a
conductivity of the test fluid is a

d @y@m@ﬁtrelemgstp Hherat leas ou¢ @ﬂnw mppﬁy,tané aty leaﬁt Offel ﬂmjpronerty
Flﬂ\l\? uﬁfexﬁ% %e@h&ract%&irc %ﬂgtl&b@ﬁﬁ‘ﬁ{e fﬂgt &F&ggrcﬂ&g&erlstlc

eac ate n association with a respective one
oﬂﬂumen®lurality of sensor output values includes an

act of re A Iy

ot e pol at ReGn et O PRk 8P i brop 6 Bberlihziue
whengethe at st orrﬁmolmxiyanf thagerfsmrmrdlaoncqné pedpetteafsthe puoeess Gfid to
fa Brr?gide indfg%lcgnl.%(%ﬂ%ge L Coff tH n]i():r%ce%? _ﬂLul ?hro%g%ﬂilgs%ggo@cgndult

conprising an act of creatlng a 30 characterlstlc

iﬁg?talc or ?];'I{hlt glqul% {alr\y\g 2%6 ¥y %% eterrmng B flow rate
PEFMAIR2RGHNRHRO A et oﬂ&pérﬁtmg'ﬁheﬂﬂ%ﬁfrzh@ébrﬁ)ﬁonéﬂltaom th6 first process

further conprising acts : asur r S sen
0BRSS Wp P yaing &f Iggsbena f 33{% Wbt gpsogta Bﬁé’ve Sgnsor flow and a
f Prihatl Alihid 9ht RRCERTRAY. condwt 5 nmapping the

process sensor out put value to a first process

characteristic
19.  The method of claim 18, wherein the act of determining the flow rate

component includes an act of determining the flow rate component from the first process

operand value using a constant associated with the process fluid.

20.  The method of claim 17, wherein the act of mapping the process sensor
output value includes an act of mapping the process sensor output value to the first process

characteristic value based on a thermal conductivity of the process fluid.

21.  The method of claim 17, wherein a flow path of the sensor includes the
sensor conduit and a bypass and the sensor includes calibration measurements including a
test sensor response curve for the test fluid and a test total response curve for the test fluid,
the test total response curve reflecting calibration measurements taken from the test fluid

flowing in the sensor conduit and the bypass.



val ue based on a first property of the process fluid;
obtaining a first process operand val ue including a

wo baw/osR@ conmponent, a component rel ating toPCTESEN4/009144
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| east one sensor property, and at |east one fluid
property conponent by indexing the characteristic
function with the first process 4%haracteristic 1 o

val ue; and determning the flow rate conponent of the
first process operand value wusing the at |east one
proper of .t he sensor .a econd .pr oper of the

P b es gt | UFHE Ramo T G R GO LRR T A ViBnei e test
I abigsopfesponee quiaee aprdckssisensohfeopople duie oFeiRsR6cesOMUd hécording to
15 18. The n%hggd of claim 17, wherein the act of
dResasieHE AP ow rate conponent includes an act

of separating the flow rate conponent fromthe first
process_ operand val ue using at | east one of a

Reynol d3-s niffarthedSfelaimddvhsrein thearfimapping thefgst sensor
Prradpeiide coMBRRIuded ad J&?Of’de%ﬁﬁﬁng; foia'éa‘éh prfPest %har%clﬂhgis%@ ga\i/]vﬁ’éjan

of claim 18, wherein the act o eterm ni ng
r #wciated PERsawoperpnd Yalercasedpndbe cheractedisticr fi@liong t he
flow rate conponent fromthe first process operand

val ue using a constant associated with the process
f1uid. 220. Thremethehefcrlaim 23 whavein the aghefmespping e tag sensor

TREBOIN chVE iR RELHPacP SRR T ArBlts HAL HEs B el 7"
act “of mappi ng the process serfsor output value to the

f iassoriaferd operaml vaduea based en ilstai Ibast aheieniva pugpeiy aal thérveacomd process
cqﬂgﬁﬁ%' ity of the process fluid. 21. The nethod of

clai , “Wherein a flow path of the sensor includes

the sensor conduit and a bypass and the sensor

el ud brati A ] 30 1
sensor 25 espoirob bR TRE R R B st g o sp g S sensor
t @ugput vahsge dorsea procegeschoor réspenst esvef | ui d, the test

total response curve reflecting calibration
measurenents taken fromthe test fluid flowng in the

sensor 26.0ndUhd ménel &iftfail 2 aeher\bnBR&HAd ABR260dividing the test total
PCT/ US2004/ 009144 49,22. The net hod of gla|n121,

f GPSPARY CRIRBY FSitoRG SRROTARIPORE CHIYB A PIGYifha bYRast Hlow ek
response curve to a process sensor response curve of
the process fluid according to the characteristic

functi 6h. 5Tgmetiptofipldingg, Hithecampiigue angsbplmpltiplyig the

a%ty}o&g fIBRRRE 9%/ iRSHrdR8d seR@P RQPonst GFRAB PV Vftocess total flow
i nCludes an act of determning for each process

cResPaR¥eERVet | ¢ val ue an associ ated process operand
val ue based on the characteristic function.

28.  The method of claim 27, further comprising an act of providing a
linearization curve configured to map values of the process total response curve

substantially to a straight line.

29. A computer readable medium encoded with a representation of a
characteristic function and a program for execution on at least one processor, the program,
when executed on the at least one processor, performing the method of generating

characteristic information of a sensor according to any one of claims 1-28.



10 24. The nethod of claim 23, wherein the act of
mappi ng the test sensor response curve includes an

W@ea0408828€t er mi ni ng a process flow rate from e_CUST004/009144
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the associ ated operand val ues based on the at | east
one sensor property and the second process fluid
property. 15 25. The nethod of 0ai m 24, wherein the
process flow rates and the test sensor output val ues
forma process sensor response curve. 26. The nethod

of claim 2 further. conprising an.act of djviding,the
Cest tobar Teabiboitt SR Bh EaBPrdes bt hiopltidas disor o
cuatbypass.0 provi de a bypass flow curve. 20 27. The

nmet hod of claim 26, further conprising an act of

mul tiplying the bypass flow curve by the process

SEensor 31.es Prigseethdd ofRlaif 3P foMhed QompidiCaSst éfQhekuridg@Wotal
%gtho of claim27, further

response curve. 25 E8 The d

c glﬁgrrﬁfg VAl semerisineghe Povw ateihrryeh thesprsercqnduit arsthe pynpes for
C @ikl ddieqflurh Rty FREnYGH ot Wluck B RESERS Sadnabid] 116 FRONIR in
curve _ substantially to a straight line. 29. A

c BFspeiRtian Wilhaianestivicane @b e miuselgy ofwenser quiplrelise it farm a fotal

Offlo® rdQoffdRLAR i thStebiGidnct i on and a program for
execution on at |east one processor, the program

when executed on the at | east one processor,

per for g ng Aﬁ?w@@ﬁsjapgonﬂfris& nerating characteristic
0

i nformati on a sensor according to any one of clains
1- 28. W00 4dp8d25 60T flyg2004/ 009144 50 30. The

met hod, Qifr%uﬁtg;@h z do tﬁe#%o‘hﬁlg{ %n%%gyﬁéu%éﬂg f%.lllﬁegé ??gl%(ﬁ' (c))atpgif signal

coupl i ng nsor ypass:

c lirgliqati@Oof af fiowt faerof@opyhitrasy figidaoeghtthofondeigsmdi ng a
total _fl rate val ue ¢ ri.sing . the flow rate

¢ r ought s Bielf il Rl tor @ s Sionen of
t hepresbntatidni df'y chdrageiztio funotidrpaftthedvusasand recor di ng
each total flowrate value in association with a
respective one of the plurality of sensor out put

val ues33.o fTheflotv deBicabf clhil03e, HvbsPPBEatGensh@cirresehBtion
test fluid 32.. A f] ow sensor co%isi n&:

0 a . .
c BRagipies éail %lefaatycczfﬁ{?wafﬁﬁ o afest Tyickihough ° coripitatitha
t RRp&anésinbordbthutiid resiilteid it PreBsHASSohS RS0 e pRIlity of

si_gnal .
flow rates of the test fluid.

34.  The flow sensor of claim 33, wherein the circuit is configured to convert
each flow rate to an operand value based on at least one of the cross-sectional area of the
conduit, a characteristic length of the conduit, a thermal conductivity of the test fluid and a

specific heat of the test fluid.

35.  The flow sensor of claim 34, further comprising at least one processor

configured to access information on the at least one storage medium,



indicative of a flowrate of an arbitrary fluid
t hrough the conduit; and 15 at | east one storage

wore@0882s6 or i ng i nformati on i ncluding at | east PONES2004/009144
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representation of a characteristic function of the
fl ow sensor. 33. The flow sensor of claim 32, wherein
the at | east one representationslassoci ates each of a
plurality of flowrates of a test fluid through the

conduiis, W tTfie 8ow@ersBSERMih 38, WIRAER thePrddestor M@bmgured to receive
q%sultl ng froma response of the sensor to th

BsensPL APty signal gig togprveridhe sepgor puipyt sfgngl tg 2 f@ziv signgbbased on
fﬂh@%aﬁgd?&gﬁcﬁﬁlcﬁdnal m 33, wherein the circuit is
configured to convert each flowrate to an operand
val ue based on at |east one of the cross-sectional
area ofy theye ﬁ%%%g%t{clanﬁ 39 h@ﬁe@&ﬁ ﬁ{e aﬂehﬁ oh@&&faE fﬂ
the conduit, a thermal conductivity of e testof
amgluges as@@éwmﬁr readpblermestium pdapied $o elﬁ¢tmnwa11>8$oremfennamwand
SEHLGd vmh & lle%t'@n@ ﬁro ttl{%eﬁ 15 8'TRE h@b&%r%‘émk il uﬁe‘&% xecute
processor confi gc? 0 access ormat1 o h o £
Iﬂaastle@heneatro.grage medi um 30 WO 2004/ 088256
PCT/ US2004/ 009144 51 36. The flow sensor of clai m 34,
wherein the processor is configured to receive the
s ensor38out ghe flewgerabr afivthih 37 cwolreren thetahleas ensprogaut ipeltides

Bl B SR PSS B DR PESEN R bk esca o
t dtdeadt onk sasbr oertytaad aljeast@edi fluid propeatyldds test clamp ut er

readabl e nedi um adapted to electronically store
informati on and encoded with at | east one program

t he at39l eaghe €6® s@sOCETHM 3ROV IRGeif € oFguﬁmlﬁ@ 1&&@1@ ut Rast
OW sensor

the at |ea one, program 38. The

c?r&iﬁ@?yﬂ% & Pramber ppsacigied wggélp%thr@ugh B PP %é@@a@éiﬂ number
| £x5dJidesd e iRt fhganvert the plurality of flowrates to

a plurality of operand val ues based on at |east one

sensor property and at |east one fluid property of the
test fioui drnd8eow S0Rof éf%ﬂllﬁ@@ss%eraﬁ telo ?éﬁh@@!lumtﬁi‘e@ fluid

the erand val ues include at | east 5 one of

et ssalp faetsr associated with flow through the
sensor and a Prandt!l nunber associated with the test
fluid. 40. The fl ow sensor of claim39, wherein the
oper arfd. vallhe8ownerisades clairh 33 wherde fentiisatt oseprdogram includes

f AGHREons2d convert sensor output values resulting from flow of the arbitrary fluid

through the conduit to characteristic values based on at least one property of the arbitrary
fluid.

42. The flow sensor of claim 41, wherein the characteristic values are based on

at least a thermal conductivity of the arbitrary fluid.

43. The flow sensor of claim 42, wherein the characteristic values are based on

a fluid dependent scale factor associated with the arbitrary fluid.



41. The fl ow sensor of claim 33, wherein the at | east
one programincludes instructions to convert sensor

wWoiop08s25@l ues resulting fromflow of the arbi PCHD$2004/009144
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fluid through the conduit to characteristic val ues
based on at |east one property of the arbitrary
fluid. 25 42. The flow sensor o§2 claim41, wherein the
characteristic values are based on at |east a thermnal
C onduatj vi The fidw tdneorasflolairh a7, ywHekdin the atlidast dleprbgrany includes

% é\ of claim.42, wherein, teﬂe ch acter]ifstié Va|lﬁ

d° Ser‘éﬁ’eée’?SPh?”dptﬁélﬁé dunf o stepakageqrging o the at least
aﬁﬁ@é‘pr@taﬁdtldﬂ dfithet dhgrateddtic fafcyiod bthélfloMEend&04/ 088256
PCT/ US2004/ 009144 52 44. The fl ow sensor of claim 37,
wherein the at | east one programincl udes
i nstrusli oMfe how G&@wmahﬂ @1, SBRRDK the Yt DAkt o [FB&hm!ilIRes
a flow signal accordi o the at |east one
riBprsdns i intespplee VQlF@ 5 %fhaélteeqt legstioge feprrsentasionof thehe
f dh@MCRHAR Finction éc%ordﬂﬁefo bl QiSO RE VQlfuesocl) Sbinbbsociated operand
wherein the at |east ‘one program i ncl udes
i Y#ep.ucti ons to interpolate values stored in the at
| east one representation of the characteristic
function according to the characteristic values to
obt ai #6assdbd Bevescnepef alaim 4%,atheesdn thi @t l4gt ofirogrhmuncludes
f I

.R‘lﬁlg%on% coﬁ‘ﬁn@ r \ C??tgﬁrgfggéé @(% Irag%&reg{ ‘&he 3%8%%%8‘?“ g%e%nf%qrgﬁlles using
rth¢ gdedst amserser @epuiyisal edespercaivid prapergysofitisd anbjtratyfliidat
| east one sensor property and at |east one fluid
property of the arbitrary fluid. 47. The fl ow sensor
of cl ai7m 47%he fidve semisor dfhblrﬁtm Ivele&din tho et [p4so Gicitodram lintlieRs
15ti lfICtlon to con rt th sensor out put é gnal
RO S P PR R gl o AW siEnakAcEanE P the
WeggonsRipl.. cP f A K K wherein p is the density of the
arbitrary fluid, Qis a volumetric fluid flowrate, L
is a charagt rMLcckzng{thof the conduit, Ais a

f

Cross-secti o al ,«aré% he’ condwt cc |s a 20

iﬁﬁéh&b@v‘ﬁf@t@ s ety el Qs volumsbite i g rat
lk 5%@%&@1@ d ofﬂhg lcﬂh'dgﬁ e E{hdaeé}% %Qefz@hm}ea o‘?ﬁ‘[%%g#lﬁltltecd isa

the ar b|t ary OW Sensor o
csbmlﬁq 1821 offthe arbigmrycfbrighrit is b Higrmal febmdeciratytof ithwcirbittany dluidend

and g are first and second fluid dependent constants associated with the arbitrary fluid.

N

48.  The flow sensor of claim 37, further comprising a flow path including the

conduit and a bypass.

49.  The flow sensor of claim 48, wherein the at least one storage medium is
encoded with calibration measurements obtained during a calibration of the sensor on the
test fluid including a test sensor response curve of the test fluid and a test total flow

response curve of the test fluid.



10

15

20

25

30

conduit and a bypass. 25 49. The flow sensor of claim
48, wherein the at | east one storage nediumis

wenmatgstsevi t h cal i brati on neasurenents obt ai neRPCHUS1004009144

a calibration of the sensor on the test fluid
including a test sensor response curve of the test
fluid and a test total flow reSponse curve of the

test fluid. 30 WO 2004/ 088256 PCT/ US2004/ 009144 53

50. The. f | D¢ Senstoref clalnaiInwh@reinthe adledst dreepragrarh @idides

PP iePE oS sy R SPRENT LoNPOS HPOTIFIa A Ao esponse curve

response curve. 51. The fl ow sensor of claim 50,

wherei.n the at | east qne program.ncl udes 5 .
i nst rdéti ohke %%qngqxrogalat SOraphereicthe aidpaskensgwperam includes

lRERONsHS cOtipghRd k@ map e Q68 SshsTREPOiise CHBF P RS Frocdss!EhSor response
based on at | east one representation of th

e
CHBieRated on 8t lest prAepresstagipn phibe eharpetsristisshinctipgof theggpsor.
sensor of claimb51, wherein the at |east one program
includes instructions configured to map each sensor
out pub2val Tee aw sangoriof glaing &k sdheroirethp afeast engrpyegram dnofygles

0 j T :
B AEEARLSELTS i LA O oL RSy PR st
@6 testahafartovisticaluss ofsed dreatieastong dirst tast fluid property andrfumther o

t Il [
SRR, Y S RS RS P SRR A
fvialuss basepores deasiaink oensof profeety ehd atdedstoriest¢ond tasniitid property to

the sensor. 53...The fl ow.sgnsor claim b2,

R Bl R ksentor gt Uit RS BARRN o e Guior

i nstructions configured to map each sensor out put

val ue of the test sensor.response curve to process

U sdPor | o6 I6T SerSE 0T Bl 82 SO FEAYast v oSG votudes
s tonflgiradrOmap tachaadbor duspt Rele 6HE te@bemBr fe@ponse curve
index the first, r?€r§§e tation of %Pe cha(@gteristic

IR RIOPTSS AhaRRFIstit kalugs Pased 08 atlgast grg st repgess Juifl groperpand
it BorfRpSRE it@in@ek MP BFARraéaltdtRS of #18 chftactdridbc filnebn with the
sensor of claim 53, wherein the at |east one program

iPERIetrfdaractenistic values 19 wbtalisqcitideteiepd WSt ni ne a

process flow rate fromthe each of the obtained
associ at ed operand val ues based on the at |east one

sensoPpr opke g enepraf clrivasl, vdwesinsbe ailerst peguesyam finolidgs
RAAREH dn¥ corfRurd to dAGlideVHrSERSREw Bie A HD Afh oREEERAiRed

the process flow rates and the sensor
associated operand values based on the at least one sensor property and at least one second

process fluid property.

55.  The flow sensor of claim 54, wherein the process flow rates and the sensor

output values of the test sensor response curve form a process sensor response curve.

56.  The flow sensor of claim 55, wherein the at least one program includes
instructions to combine the process sensor response curve and the bypass curve to form a

process total flow response curve for the process fluid.
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out put val ues of the test sensor response curve forma
process sensor response curve. 56. The fl ow sensor of

W@Lb@usB5 wherein the at | east one program i NnECTUSN0BWI144

instructions to conbine the process sensor response
curve and the bypass curve to forma process total

fl ow response curve for the prddess fluid. WO

2004/ 088256 PCT/ US2004/ 009144 54 57. The fl ow sensor
of cl a7m SBhe MdvekcRidt of BRINAS6, vaRHin 188 8t 1pdsOGea IO drang linstess
|nstruct|o conflgured o) generate Ilnearlzatl?ﬁ
dBEtiqns SoRttenErd P gdisiale 4 nearizatiph ghirve Bap dhrsrrocest Rl
FBdpSndelearve "tlih@ fi8Ps thOpdkesk bawy ffoﬁﬁ@%@ﬁs@ td BurGsHo\eSsubfarially
substantlally straight line 8. The fl ow sensor of
Straight 188, wherein the at |east one storage medium
conprises a data structure to store the representation

of the characteristic function of the flow sensor
obt ai A8d dlhe fey ecabqriof aleing A2, sthercinethe pidoast etesbragsrnegium

t&%ﬁl&)ﬂ%és Yigdha fs{rtﬂc@urg & Qore et %}ijege tatiGPORA ccﬂaﬂlg eridt fﬁ?Cthfl 8f the

entries, eac avi ng |rs
dloav sgnsos @btﬁmlefﬂ dt@in@;cahwieqn@f rbhetﬂ&w fengog ton famt fuid, the data structure
Ji.es a characteristic value conputed froma
scgﬁlghélﬁé'out put val ue of the flow sensor based on at
| east aghmality p’éetntriesm@elr myrydfavimg e firs §itldfahdia decandifitlie
second . fi el

2 fl Whrerae%n tge hrs? P el% 1de ts fies a cggrfiﬁerls%g g%g%?onép&tn%tﬁor@gﬁygor
atutpueeatte afiiee ﬂmmmsdr)bamﬂ oh laelesse tuscOfiirstapropedty of Ehasést ﬂmﬂ and the

Seco r. ty of thetes fluid, 59. The

3R OB ar e iR tec R g faegPondii to the
csemsbabmmaulue,@p rafbfe propeit FagHdhDeardd 0 Magtlont 8ashd paperty of
% I?E‘%/dwol d's nunber associated with flow through
eyt sensor and a Prandt! nunber of the test

fluid. 20 60. The data structure of claimb59, wherein

at | east one of the first field and the second field

cont aPirs ahlsofér Sneruent Gine sfptheedn the sprond eld cantyins te
Q)?@I@ﬁd @él@éjco\ﬁdphfédtﬁla% ati@Sttont b ﬂeyn%ﬁl mumbgpgssgcﬁété’d with flow

ructure of claimb58, wherein t first fiel
doyavgh the flaw sensar and pdirgngitlingmben qféhedwﬂmded fr om at
| east a thermal conductivity of the test fluid. 62.
The fl ow sensor of claim37, wherein the information

st or e0-on Theedagrotiyeiuesrof claim AB véherriptusascansof thedisstdield and the
QPSR B Bhtafdk ad S]?e%nd%ﬁe %&Hﬁtﬁ&?@&ﬁ‘% S \Qaﬁueaassociated with the

test fluid.

61. The data structure of claim 58, wherein the first field contains a

characteristic value computed from at least a thermal conductivity of the test fluid.

62. The flow sensor of claim 37, wherein the information stored on the
computer readable medium comprises an encoding of at least one representation of a
characteristic function of a flow sensor obtained during calibration of the flow sensor with
the test fluid.
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30 characteristic function of a fl ow sensor obtai ned
during calibration of the flow sensor with the test

WO baou@ss250 2004/ 088256 PCT/ US2004/ 009144 55 6BCT/TRI04/009144

fl ow sensor of claim62, wherein the encoding includes

a plurality of paired values, a first value of each

of the plurality of paired val Uds representing a fl ow
rate of the test fluid through the sensor conduit and

a seceBd v@haiftowbens@@ificlaim 62)avhileii tht bicdpdiaf inchales £plurality of

val ues .representing a sensotr output .val ye resulting

IPRIH TS, TR, ieCREtehof the ity REpeins welpesaStinpifeg: fow rate
fof eny 8 F18id thrdughfthe sdnb@\WosRNSAl a 8cofd M8 SZachéTekEplirality of
the encoding includes a first mappi.ng. configured to.
d’BH%Y"}CIueé ETRESPILDGR SERSOV HIRHE Yelpe tesyiting fom Lo 4t thfegs fluid at the
tBaepoRdihg AW rdtd Ui d to characteristic values based on

at | east one property of the arbitrary fluid and a

second 10 nmapping configured to convert the respective

flow gat eSThONAP&NARDE VRINES WIRREANO Brclling iR ARIEs P&t mapping
sensor property and at |east one property of the test
fepfighrecss comieet spseuputt yelresgpsudingifipneBow whibe atbirarngduid to

0k | I.
SRSk YRR B 1Ml OhL bopthy o RAKBERG AL s 2 scpna
adpping corfagiiedd corvert I1E rpdpastiveiffoy retes tolrperand waliestbagsd on at

r S t i resul ting
;i‘?%ﬁw&%ls%v%v %&%}S%Wgan?g?slga S? 1%83 pggqe%&gg% tﬁsﬁgﬁigénsor based
on at, least one first test fluid property and each
respecti ve rand val.ue. c ted fromthe.fl ow of. t
st Phui aTEhERams Y RE et S EEuLE el inch B8 ppiels of
shanaderigic plaed syoradil asdoclag@stvitio regpeseeodp@drang shlués, edctl of the
property.. 20 66. A mass flow controller conprising:
ARy GhehaBRIcEica e CorpRyIAa TR g SORE APUE VAU fiom fow
@9 theaest A0IdRLLET the Snpdrddset OntahRast bairSEBS BlhiddiReberty and each
adapt ed toérﬁ{o ide a drive signal based [

CUyR opFRNG Y

.at least in
PEPE comgpiaf fron thesdionsotihe trse i %ba%?é*tf sgsor based
rRGeIHE ohd&nEliripVspedy SHtpd 1a5QRE thtenERAtu prpertyand 25 a
val ve coupled to the flow path, the valve adapted to

permt flow through the flow path depending on the
di spl geemeRtmAf 16w contlel dogfrivagt i on of the valve. 30

the flow sensor according to any one of claims 32 to 63;

a controller coupled to the flow sensor and adapted to provide a drive signal based
at least in part on the flow signal;

a valve actuator adapted to receive the drive signal from the controller; and

a valve coupled to the flow path, the valve adapted to permit flow through the flow

path depending on the displacement of a controlled portion of the valve.



