SXSTSM M D METHOD FOR C LIBR TIO OF A FLOW DEVI CE Rel ated Applications
[0001] This application clainms, under 35 U .S .C 119 (e) , benefit of and
priority wo 2bbvdzestoSt at es Provi si onal Patent Appli cati orcias268/08€11 424,
entitled "System and Method for Calibration of a Flow Device," by
Lavardiere et al ., filed August 13, 2004, which is hereby fully
i ncorporated by siefrerener rarsEsin FOF eCARIEFAIr IR ed™ 4 CUOP] DEVIECHr esent
invention is related to calibration of flow devices and, nore particularly,
to the rapid calibration of nmass flow neters and nmass flow controllers.
Backgr oratk{003pb1Ekawi@ont rol l ers are used in a variety of industries to
control low.rate of |.i.qguids_and gasses el try that relies
heavi | y [hﬂsﬂlﬁ ovyhc}(?nta%ﬁ%?‘tsﬂ%ns Cﬁﬁémié%nc%ﬁdaéﬂgfs'nggu ac Or]?enlbetrllﬁcdagt ry.
Thi s i s becauserdchertranifactaneiofdseis cenduot bs Sonadqihates t atmiriaiaéicont r ol
of gasses and f] ui I n i spen Iy flo [ ny_ Cyl.r fl ow
controllers co Or'o%%i/gg%\/ %an’ae%ﬁfl%gg%nﬁygslte%ré}%(gure eozgsifg.% éé?ljgl;gelaf%%{}v
controll ers recel e Faosebepioient” byohawshmreontuet or fidedf Aeywst Ag -t ool or
ot her system neasur e, t di f.ferenti I, iction in the
fluid flow path arfld g%églﬁtles a{leggﬁpr %ﬁ?ili&glr%l%ty %r?%éogp n%ﬁfgg%%%eg a val ve
based on the diddmrience between the set point and the differential
pressure, {IOOOA:L] Typi,cally flow controllers receive a set point in ternms of
a mass g’I@EV%;L%%‘E‘t’EF%@ﬁﬂOW rate. The mass or volunetric flowrate is then
convert gd0D@]a Threessesendi ffwmennal s basledednta calitedtioono€ufh®l The fl ow
controller nust, therefore, v j i V. tored. t he process
fluid and pr oce%esVlccgr?dla cFl’onnég%n gr%t\%\ﬁil‘ %%]?‘;He%? I gf\;}vé cl(;ear}ijts'L roglc(f;g%&g{)telrog]t 82 .

mass flow meters and mass flow controllers.

Background

[0003] Flow controllers are used in a variety of industries to
control the flow rate of liquids and gasses. One industry
that relies heavily on flow controllers is the semiconductor
manufacturing industry. This is because the manufacture of
semiconductors requires accurate control of gasses and
fluids being dispensed in a flow chamber. Many current flow
controllers control flow on a differentialApressure basis.
These flow controllers receive a set point from a
semiconductor manufacturing tool or other system, measure
the differential pressure across a restriction in the fluid
flow path and execute a cbntrol algorithm to open or close a
valve based on the difference between the set point and the
differential pressure.

[0004] Typically flow controllers receive a set point in terms of a
mass or volumetric flow rate. The mass or volumetric flow
rate-is then converted to a pressure differential based on a
calibration curve. The flow controller must, therefore,
have a calibration curve stored for the process fluid and
process conditions under which the flow controller operates.
For a flow controller suitable for use with a variety 6f
fluids and under various operating conditions, the flow

controller manufacturer must typically either provide a



For a flow controller suitable for use with a variety of fluids and under
various operating conditions, the flow controller nmanufacturer nust

t ypi cal | ywei2bdwmnogmoovi de al arge nunber of calibration cecras2désn2aae fl ow
controller or individually calibrate the flow controller for the process
fluid and conditions under which it will operate. This can be a tine
consunm ng and impehLkti siendr todskal Thetrtefor epracnedd etestsof ororetnmider

expedi tious system and. net.hod of . calibrati fl ow.cCe | Ler SUMVARY OF
THE | NVENTI ON [“'6063?1 Jr%”gacﬁqrr’eﬁ fs“lb att%et%ﬁr gg%‘ﬁtc‘%%ﬁxc}gg%gnk%‘r S a syst em
and net hod f or grapkeds céluilr anidonoodit@ drisowndevigeldthat eilhior@teor at

| east substantial.ly reduce, .th QI iqQrart_systens and

met hods for floi\%lée\c/?%e ca itt%}r%t ?gﬁg iggogga] %&eﬁloc\(/iveagv%%e can be provided
with a calibratihemefbosy cumeed( exysts riapr esenated:ipeddninth ehegfrage and

pol ynom al) by th f act.ur et . iJd+pa{iy,.s The calibration curve can
be adjusted formegﬁgggggs% %lf%glgé}dﬁt YJ(;Crsoystem or which the flow device is
act ual | UMMRERa|dFe @HE SIMENGAENor nore correction factors . The correction
ractors ganshe elet iLhed f@&ﬁghgréé&% Qsrebazedonaa sl BplLe LRl i cal
test or uird propertires of the process ui d. e correcte ow curve is
t hen saved at tieehbHoficdendrcel selibuatian odnabdlusaltviiee fhtture fl ow
control . [0007],. ogli ngnt gf . t es$€0t ;i nvepti.on.jncl udes a met hod
for calibrati ngélal%?(ﬁggvgge% ér% tlﬁgltg inc st[}r&es pr o uceiedr?lltg 4 H]ow of fluid

t hrough the fl chodéepnensgo dthariarvart sséepadiedtiadods &of|Hwwate of the
fluid has a test, ‘i?:l Ug, 1 idi=:6an include, for exanple, producing a flow so
that a pressure differentia , time differential, pressure at a particular
sensor @P0OEherA fiAowordevich cami e pfovived Wowhratealgforphaoh| el Hagva t est

val ue or nU|tlFué%gP?SEe¥fg§é§%ed by an n*® degree polynomial) by the

manufacturer or a third party. The calibration curve can be

adjusted for a process fluid and the system for which the
flow device is actually installed using one or more
correction factors. The correction factors can be determined
for the flow curve based on a simple empirical test or fluid
properties of the process.fluid. .The corrected flow curve
is then saved at the flow device so that it can be used for
future flow control.

[0007] One embodiment of the present invention includes a method
for calibrating a flow device that includes producing a flow
of fluid through the flow device so that a variable
indicative of a flow rate of the fluid has a test value.
This can include, for example, producing a flow so that a
pressure differential, time differential, pressure at a '
particular sensor or other factor indicative of the flow
rate of the fluid has a test value or multiple test values
or set of test values. For example, a test value can be half
of an expected maximum value. The method further includes
determining an empirical flow rate of the fluid for a test
period of time and applying-a calibration curve to the

empirical flow rate to determine a calculated value for the,



or set of test values. For exanple, a test value can be half of an expected
maxi mum val ue. The nethod further includes determning an enpirical flow
rate of twe 20éeui2087hor a test period of tinme and appl yi n@cTase@sioks7at i on
curve to the enpirical flowrate to determ ne a cal cul ated val ue for
theflow rate variable. The correction factor can be determ ned based on the
test val ue and Talcukstevaniaole.. [ DRO8IcAmcthen &ndyodi went beatetiawlinde a

conput er progr %%’ﬁgHC{hgq&@ %hﬁ]ge aaﬁthag uggg@&ltﬁl’l i nst ructions stored

on a conputer rea medi um_ The set of dinstructions can conpri se
i nstruct PEAS ] extcithalyl embodigehdr ghneinclveist avabmeuter Pepoodmtmsiduedl ues of

o e a0l e o VanlAllbesy  pdgativeopleat LW LALE oeLecLACAe or more

cal cul at ed val ues e vari a catrve o | ow rate based on one
or nmore enpiri canditew readsdlandedhumt h Thegses pbliprdmugtiens rewponding to

a calibration clnsand: elalae. 008 OF ANLE OSLALLIAR LogLor ) based

on the cal cul ated value (s) and test val ue s) e varia
i ndi cative of fdnowetapré.teit siwdurd b %d’taééabﬁat O%dmn}taéﬁes nsrdiaAtigas can

be executed by ihe coplrolder d%fteemiﬁ@%féew CRo20dL0Nc A 68l PrAaldOfor
conputer in communication wi'th the flow device or ot her conputi ng devi ce.

[ 0009] Yet anotiHer veshabliarEnt @ﬂlﬁﬁ’él‘fﬁ' ededtiornyair ikgsednenuees oF flosw

devi ce conpri SI&@nﬁcfahOf\imtﬁtegnaﬁ@s;r{ 6AM BEESSANS1SABRQL1 UPStream of a
flowrestriction’in the flow path, a downstream pressure sensor downstream

of the flow restaG ESPERILRY thfe of FAN PR H O2n GUAVE GG Sletermeprptnad oo t he

upstream pressuf&-sSeRsetcaith thietdostyRaM BResR & 13N80L 4t e RO Ve
pressure neasurenents fromthe upstream and dovvnst ream pressure sensor. The

control is conf3furtédttBetirise Z°VafiR 1aFi6heR (FbrivHeasivanre #1€8t peri ods
of time to produge . a fhowmalid i dotdd augh thaphtow idevirGeridhgensr ake one

or nore test pressure differentials_between the
executed by the controller of a flow device and/or a
calibration computer in communication with the flow device
or other computing device.

[0009] Yet another embodiment of the present invention includes a
flow device comprising, a flow path, an upstream pressure
sensor upstream of a flow restriction in the flow path, a
downstream pressure sensor downstream of the flow
restriction in the flow path and a controller coupled to the
upstream pressure sensor and the downstream pressure sensor
to receive pressure measurements from the upstream and
downstream pfessure sensor. The control is configured to
cause a valve to open for one or more test periods of time
to produce a flow of fluid through the flow device to
generate one or more test pressure differentials between the
upstream pressure sensor and downstream.pressure sensor,
determine one ore more calculated pressure differentials
based on an empirical flow rate and an n*™ degree polynomial
corresponding to a calibration flow curve and generate one
or more correction factors based on the calculated pressure
differenﬁial(s) and the test pressure differential(s). The
controller can also be configured to cause the_controller to

open for several test periods of time to generate a set of



upstream pressure sensor and downstream pressure sensor, determ ne one ore
nore cal cul ated pressure differentials based on an enpirical flow rate and
an nt h deyoeeogubgmom al corresponding to a cali brati onprCirasesnys4and
generate one or nore correction factors based on the cal cul ated pressure
differential (s) and the test pressure differential (s) . The controller
can al so be conrfdsgupedsiar<alise=ibet o ral ke tancopen poinseveral test

peri ods of tineutr.TLU. nerate a set _oftest pressure differentials.at. the same
set point or" %Ilg%l %&%éjto%%isn 3 165 pr g@% The ¢ ur‘”gc%/ poaflscalcblé?‘%i cul ar
correction factwrrertenefattersevegateizirr eevenanl faotrecsion [ FXHrsAnot her

enbodi the present invention .includes _a.nmethad for calibrating a
f1 ow dﬁ?é%%orﬁﬁﬁt&eﬁg?&f%%ﬂeﬁﬁ 895%1-fe SFoE58Ff 1T Bhe'S™ 6ch%éenst K degree
pol ynom al cor mespeondiog ¢alidreaindratilow davies fompaicahgbriatadmef bui d,
correcting the coefficients .of the set ok.cpefficients hased on the

% of co f%ﬁc ents go é% C?%%?

. . e I 4a g} ree T} la .
viscosity of a Process 6 getierat e a Corre nt egree pol ynoni al

for the processdrrgisdpngtmr itng at hel coratEcneducveffacisentdibrrta arenory
| ocati on. [001]f]lug\r&ot Qgrr?eéogrsl%dgl @gntC(%)efffti@gegﬁgsggttﬂen\é%@t Len includes a

conput er program pr 4duct al'Tbrating a tlow device conprising a set of
conput er i nst r ustafdnsishos érhsend ancomputiscosdadabf e medicass Thedsép of

i nstructions coppri ins ti.Qns._@x I - 'S a set
of coefficient grr%gﬁ %t%‘g%geé’lftgg I|5ol % rf%glp%%g?{?%%%%ﬁ%ﬁng%oﬁgo%ea I bration
curve, |oad a sBiuigf wiscusd thhecopredcitddbroedfiabinss ineeenseomn i nput
indicating a viggosiity of a process fluid, correct the set of coefficients
based on the se]t of "viscosity correlation variables and store a set of

correct 802 def fArcitdrtrs enbOdik@intYef Hmotieseabbuyerritorofint hedgpr esent
invention includes a bl g dew ¢eohavi A GORLEQLLES LOTBL Sl conputer

comprising a set of computer instructions stored on a
computer readable medium. The set of instructions comprise
instructions executable by a processor to load a set of
coefficients for an n™ degree polynomial corresponding to a
calibration curve, load a set of viscosity correlation
variables, receive an input indicating a viscosity of a
process fluid, correct the set of coefficients based on the
set of viscosity correlation variables and store a set of
corrected coefficients.

[0012] Yet another embodiment of the present invention includes a
flow device having a controller>comprising a computer
readable medium storing a calibration program and a
processor to access and execute the calibration program.
The controller is operable to load a set of coefficients for
an n*® degree polynomial corresponding to a calibration
curve for a calibration fluid and correct the coefficients
of the set of coefficients based on the viscosity of a
process fluid to generate a set of corrected coefficients
for a corrected n*® degree polynoﬁial for the process fluid
and store the corrected coefficients in a memory location.

[0013] Another embodiment of the present invention includes a

method of calibrating a flow device comprising producing a



readabl e medium storing a calibration programand a processor to access and
execute the calibration program The controller is operable to | oad a set
of coef fiwoenie20670 an nth degree pol ynom al correspondipag/useooa/oesi br ati on
curve for a calibration fluid and correct the coefficients of the set of
coefficients based on the viscosity of a process fluid to generate a set of
corrected coef fibientts ffloid atlworusected Nidv degriee polyhromealat oablidhe

process fluid and;store_t oy ected coeffici in a nory |ocation.
[ 0013] - Anot her e#bc%&l%ﬁgnlg%o% {J‘nogV %rgggen 1{hr‘levéfﬁpl&(éinlllalSnc L%é:soé Hethod of
calibrating a froweadevideterohpiicsiangeppbdirsindglafl oaroffdd eedhttegugh t he

flow device so X;Me fv@fléagéte cjinqieggt{ré./ﬁle f, ?eﬂ:ggﬂ J%{fg?%@%hﬁffl uid has a

set of test val ues, determ ni ng an_enpirica ['ow ra each test val ue
of the set of testffigligass Het aémini dgoassarolomopdel f isimntthef eetamt nt h

degree pol ynom gl UsjAgckhen el Afribe8t s MAl Ues and enpirical flow rates
[ 0014] Anot her enbodi nent of the present 1 nvention can include a conputer

pr ogr am[OddictAruEr sithgdimeret off thenpasenti asvewctidromsnstocbdionr a
conput er readablg WRdi.u he, a9k conput.er. inst t] rising

i nstructions execﬁ{%bfregltfgé caé%tg a FI ow é%ilél tgog%goédfﬁc%éméegg%w of fluid
t hrough the fl olrdievictecsd 3tritecaopai abiterdireatalviee afedaufil ovhe atese of t he

fluid has a Setofﬁcéﬁﬁﬁkeyaiﬁg¥%uctqg5§rEgﬁg?f%Qnﬁypﬁéifﬁﬁti%h m%&é%é%éﬂi% each
test value of the sef of test values and determne a set of coefficients
for an nth degre® pEliyRofi &lowisiavgceheo setodwicet astlumlfesland Bmpiudhcal
flowrates . [OQJélf_llé%t d@@?&@%’o %'EQQS%_ NN 8 ot BEg PSS oeNYeptdOn5te

includes a flow device conprising a flow path, an upstream pressure sensor
upstream of a fePowheedtpiethdn d Fethel fiif pathesa Govaistineas pressure

sensor dd?wntsL r eaBiafi chherfbpwdrestebl-ctian ddict he1fil ave Rathsapd, a cutrol ler
coupl e (0} e
P values and determine a set of coefficients for an n®™ degree -

polynomial using the set of test values and empirical flow
rates.

[0015] Yet another embodiment of the present invention includes a
flow device comprising a flow path, an upstream pressure
sensor upstream of a flow restriction in the flow path, a
downstream pressure sensor downstream of the flow
restriction in the flow path and a controller coupled to the
upstream pressure sensor and the downsiream pressure sensor
to réceive pressure measurements from the upstream and
downstream pressure sensor. The controller is operable to
cause a valve to open for a set of test periods of time to
produce a flow of fluid through the flow device to generate
a set of test pressure differentials between the upstream
pressure sensor and downstream pressure sensor, determine an
empirical flow rate for each test pressure differential and
determine a set of coefficients for an n™ degree polynomial
using the set of test pressure differentials and empirical
flow rates. o

BRIEF DESCRIPTION OF THE FIGURES

[0016] A more complete understanding of the present invention and

the advantages thereof may be acquired by referring to the



upstream pressure sensor and the downstream pressure sensor to receive
pressure neasurenents fromthe upstream and downstream pressure sensor. The
control | ewoi2sosapes7abl e t o cause a valve to open for a secrafS2a8ss7peri ods
of time to produce a flow of fluid through the flow device to generate a
set of test pressure differentials between the upstream pressure sensor and
downst r eam pr el ewSEHN S s, cm@tceom nealam enpeenoalctilbowkalt ectfsor each test

pressure differential and d ter a set,o0 f S -/4an nth degree
pol ynoni al usi Ag THE®$Et"f ltagé pr enss‘ﬂﬁlﬁehdh%’ée)releé;ﬁelfaefggarﬁ%npl rical flow
rates. BRI EF DES@RbE’ErdaCNl@:fEHEuFéﬁaREBM@@m@ A nore conpl ete

under st i resent..inventi.on t age f. be
acquire efer g to the OW n €s ion en i n conj unctlon
. gBﬂ;?? ;gnggﬁ P %F %]% apﬁammatlﬁjl % EQ nég¥.%%. % gnérgﬂﬁ%& gﬁ¥
wi th the acconpanyi tﬁgowlramtrrgﬂ davmm;ch I|ke refer ence nunbers indicate

like fe erejn: 017 FIGURE 1. is ara representatlon
of one Zhgégjn&ﬁ‘t%t]g?‘ éﬁ ow &gﬁ%Lmﬁna%leV|r(:eglef6%ﬁ%ﬁ o%l 1gtlls a

di agrammati c r&;nﬂaesl.eméﬁtlm offlanotberrdnbedioent of a fl ow control device;
[ 0019] i tic representation of a ontrol I er 0020]

FI GURE 4 6%"35 I&&Rghg SPFafTh oﬁgpéﬁﬁ%la?arr%ln gontt oﬁq]‘lln% “flow,
[0021] FOGRBRE Sricwra di agraammm echb eprasentat t bng fone()lazelbeﬂh@@hﬁm of a

system for callbratlﬂg fgo w control device; [0022] FIGURE 6 is a flow
chart illustrat9 t “fent of calibrating a flow control device;

[0023] FbGRRES ﬁI/&U@EaBelerd)Qcha@’&ama@ic &@p@easnt@wldmtoe:r baei emponiitena

cal i bration progra \‘I\% %@FI G;RE 8 1s a gl ecof egﬁrrplve data for

dei oni zed wat er®{ Fem AT PpA rg@l%&. § Bf CHreSduPE Vit erenti al

VErsus ﬁb@@@ﬂatﬁIGURE 6 is a flow chart illustrating one embodiment of
calibrating a flow control device;

[0023] FIGURES 7A-D are embodiments of screens for interfacing with
a calibration program;

[0024] FIGURE 8 is a table of example data for deionized water
(“DIW”), N1, IPA, S3 and S6 of pressure differential versus
flow rate;

[0025] FIGURE 9 illustrates a plot and line fit of a first
coefficient versus kinematic viscosity for a particular flow
controller; ,

[0026] FIGURE 10 illustrates a plot of a second coefficient versus
the square root of kinematic viscosity for a particular flow
controller;

[0027] FIGURE 11 illustrates a plot and line fit of a first
coefficient versus dynamic viscosity;

[0028] FIGURE 12 illustrates a plot of a second coefficient versus
the square root of dynamic viscosity; .

[0029] FIGURE 13 is flow chart illustrating one embodiment of a
method for calibrating a flow device for a particular.
process fluid; and

[0030] FIGURE 14 is a flow chart illustrating another method for

rapid calibration of a flow device.



[0025] FIGURE 9 illustrates a plot and Iline fit of a first coefficient
versus kinematic viscosity for a particular flow controller; [0026] FlI GURE
10 il | ustwetzess/@ogtbot of a second coefficient versus thecsqsases/oegrat of

ki nematic viscosity for a particular flow controller; [0027] FIGURE 11
illustrates a plot and line fit of a first coefficient versus dynamc

Vi scosi Dpraf D828lesekr@RE0d2 il lustrates a plot of a second coefficient
versus t uare root .of dynam c viscosity; 029] FIGURE 13 is,flow chart
i |l ust ra{[&?)r%qo?l%leer%é&flrr%ﬁy%%meél r‘?ﬁsf)%ot ‘?o)révc?glfgilﬁ?aﬁ%?%ufs%bﬁvt?evﬁnce for a
particul ar process HIGURES, anidid 0B30FaFs GdREgl4sedst@ fdfew thatike and
illustrating another ge'ag]gd faorr S agi ghcaxlrg bro%ti 8{Jav91fn a fl ow devi ce. Detail ed
Description [OO%T] Breferted embodi ment s’ of the | nveltion are illustrated

i n the FKIOGORES, Flikelentines al suddeiang fusedndtensebed fow idoatantdlens y espondi ng
parts of the va ioiucsaﬁr a%c?ﬂf o a’[ %93% Jfolcoevgs%%viagseesd csugch gz tlg\év neters
and flow control&rs; tyypl calty i helu a m croprocesso 04588 Yottrol I er

t hat processes peadisngs feahmyre fopnnone sensoesstmsdet erntpestitnd [thw rat e
of afluid through, the deyicen Jhe FEDLEONLEr kL aPRlY. BfLov firve to
sone variable indicative of flow (€.g., pressure differential, pressure,

t enperature di fierlerppdl, a eflnv cugsaatd ysane tvheifbleniofdiaatard dedgriee

pol ynom al, to term fl. TO t t sured fl ow
rate i s accurat gg g[e_Hglp ? %sé\%vﬁgeuro{vlggﬁl%g%gaaclc’o@ﬁ%%g {6?@‘[ %tm r@%%’ggggﬂ ui d bei ng
used and the sydi@fatentiklchettche ,f bowalkwiige the Fowst alfl ed. nf'0@88Fe®rior to
the present invegion. se theladdg hovedeviics mmoul acluren, poul have to
devel op a fl ow curve for’the 1ntende process urd using a test rig
simlar to t he measured flow rate is accurate, the flow curve must account

for the process fluid being used and the system in which the
flow device is installed.

[0033] pPrior to the present invention, either the flow device
manufacturer would have to develop a flow curve for the
intended process fluid using a test rig similar to the
system in which flow device was to be inétalled, or the
customer would have to install the flow device and run tests
to develop the curve. In either case, developing the flow
curve for a particular fluid and system set up involved
taking multiple sets of data and applying curve fitting
algorithms to the data to develop the nth degree polynomial.
This is inefficient as a new flow curve must be developed
for each installation of a flow control deﬁice.

[0034] The present invention provides a system of rapidly
calibrating flow devices. According to one embodiment of
the present invention, a calibration curve can be
established for the flow controller by, for example, the
manufacturer of the flow controller using test conditions
that can be dissimilar from the actual installation
conditions. The calibration flow curve can be adjusted for
the process fluid and system based on one or more correction

factors, as discussed below.



systemin which flow device was to be installed, or the custoner wuld have
to install the flow device and run tests to develop the curve. In either
case, dewsbapiagngosshe flow curve for a particular fluid aod/syesers73set up
involved taking nultiple sets of data and applying curve fitting algorithns
to the data to develop the nth degree polynomal . This is inefficient as a
new fl oW oBBYe mustrdheqgdevelrepedbboineach thastabh atdrarcdfiea ddrowecont r ol
device. [0034] .Th esent Jnventjon provi.des.a system of rapidl

ol brating 1 cugenteae AtBoear har B S B T e e s e E e et

i nvention, a calddyeation Tamtwe can bes estidbireshed dwrvet henflbow control | er
by, for exanple,_-t cturer . 1.he fl contral l_erusj te

condi tions thatdaclaér%(iﬁgg%ilgé‘_%ier?ﬂlJ grerﬁéjbén% ahle dgsgl ualfon%[ r?stsglﬁﬂ’gtﬂll%ﬁoeéo%%i tions.
The cal i brati oncddtew clhy ecagarchbéoadfarstoed afignsthetlpr ceésbritin camdesyst em
based on one or r r i , IS b [.0035]
According to onteon%r(?b(ggg{r;re%crt gq?ﬁéggﬁggéﬁgéagﬁt%regh%?gige%tbgh?%\%ta ed in the
system in whi chrdlibgpklonparsdra aaed T oeneceientiactadibiariehectsalel brati on
curve can be calgyl-atef, based A0; 6PLY I£2ldal 3,5 oM SARLL AHITSL,Of
tests. The correction Tactor adjusts the calibration curve to account for
di fferences betwwdroflhertastusflllyi deawriasal i brati on system used to generate
t he cali kO r t c lui d and 0 N i ich the
ow contrart e Star R o s e e B NP R =Bl T e et
a set of corredtdsed pactls scibegetionvidwe Kitmerat i dynargcogiisgo{iory dyam c
viscosity and denslity o JUS! AXOAMECIdQashlydafalt Beplpol the
coefficients of t el%t.ﬁ djegreégpo hnorrjia : Tklss %{FI om%ForQ{iqu?églgh%
calibration of esdwffficopntedifcahton adparesd arlanopietessThfisupdloesebon t he

I nput  of proceﬁfuféHJEglﬁﬁfH%ﬁb | 8% the flow device for a particular

process fluid based on the input of process fluid

properties.

[0037] According to another embodiment of the present invention, a
second order polynomial can be used to characterize the flow
curve independently of a manufacturing flow curve. In this
émbodiment, the flow curve can be derived from a small
number of empirical tests. A flow device can be configured
to produce a flow of fluid at various flow rates. The
empirical flow rates can be determined by measuring the
fluid dispensed at each flow rate in a given period of timei
Using the empirical flow rates,1the coefficients of the
second order polynomial characterizing the flow curve can be
determined, as discussed in conjunction with FIGURE 14.

[0038] Embodiments of the present invention can be utilized in the
calibration of a variety of flow control devices including
those described in described in PCT application ~
PCT/US03/22579, entitled “Liquid Flow Controller and
Precision Dispense Apparatus and System,” (the “Liquid Flow 4
Controller Application”) filed July 18, 2003, which claims
priority of Provisional Application Serial No. 60/397,053
filed July 19, 2002, entitled "Ligquid Flow Controller and

Precision Dispense Apparatus and System" and is related to



[ 0037] According to another enbodi nent of the present invention, a second
order polynom al can be used to characterize the flow curve independently
of a manuWecvewdiogyof | ow curve. In this enbodi ment, the Pcowseeswes7zean be
derived froma small nunber of enpirical tests. A flow device can be
configured to produce a flow of fluid at various flow rates. The enpirical
flow rates can thes.deteemi ned bysaeasdri agridied FaLlél cticslpensmi at feaeh fl ow

ratelnaglven eriod,of i rlca Sy t he
coefficients of EFngéet(gnd‘oo d%?ysﬂoﬁogfﬁg%noﬁ? &cf@h %l“’ne“tdhe fT ow curve
can be determ ngd,398s 1dE scm&dedn"EhderfdiowoM_em@mm@ _@dREPﬁdpor[tﬁﬁaa]L
Enmbodi nent s of Etluld Les sen (]I!éVI gLnbleQQcQan ﬁﬁe%gég%—s’cﬁaggh%g& i l%r ation of

a variety of fl'owcon r ol ces I nel udin &8 Th déscribed in
PCT appl i cati oniRCH WS08ALRE A9 coenbidted byLquﬁEdeJFd:@\me@@mnr ol d@rerand

Preci sion Di spenss p u System. LLhes"Eiguid F qller
Application") 57 %&Ag ?55’&& éong%gé &%{71 C%‘al f%% %Jﬁllg%% ﬂtnybgﬁgé)ow si onal

Appl i cation Serﬁ’arlenNoApﬁbimO@BBOtl 1@677J7ul3>®019€n’2m;_éd EfAvptérechiid i qui d

Fl ow Control |l er P Aﬁ[}[%ﬁ nel n rel at ed
toU. S. Patent I% %d %gg %jB&pentl tﬁp%?q %%Et&r)g @/ H%e% gf&r}%gry 20,
2000 and Provi siehralarappfi catldnaser valtad St@@ﬁ%Qﬂatﬁi@ RApnplicdteen' Moui d
oos Neasurl 0g 0B, @egrt%maéleﬁl usgs@npvxéﬁo LEfba DRl efnecfidsgh July 19,

2002, each of I ncor por at ed erence herein. her
exanpl e flow cohtiel Fdevi € é@y d@ﬁeﬁélqémvnofql@duﬁﬁb@eﬁlst dtes2Pat ertach of

Appl i cation No.. LQm/ 1L, 300y %Fdo%sga{e%/%fﬁ%%egeﬁ@é hpdohiar Rhawdyanitoring
and Control," by Brodeur, filed Februar 2, 2004, and United States Patent

Appl i cation No.tlxof TPOLDObl e kmtiins pBgch %@#ﬂéﬁasm Hé@¢ Pseps&ntrol |ing

Fluid Flow " bylrkﬁe\ﬁecrl@heegm dd |ﬁ1%15ﬁ@£t§@c[ ﬁn@udgo% EReheinyi ch is fully

i ncorporated by reference herein. Exenplary flow controllers in which
enbodi nent s of Qﬁﬁgqﬁﬁysgn@nd OPTICHEM C flow controller manufactured by

Mykrolis, Inc. of Billerica, Massachusetts.

[0039] FIGURE 1 is a flow control device 30, according to one
embodiment of the present invention. Flow control device 30
can include an inlet 32 for receiving a flow, an outlet 34
for directing a flow to other componénts of a flow system, a
constricted area 36 (e.g., an orifice plate, small diameter
tube or other constriction known in the art), a pressure
sensor 38 upstream of constricted area 36 (referred to as
the “upstream pressure sensor”) configured to measure an
upstream pressure, a pressure sensor 40 downstream of
constricted area 36 (referred to as the “downstream pressure
sensor”) configured to measure a downstream pressure, a
controller 42, which can include processors, memories and
software instructions for determining a fluid flow rate
and/or for generating a valve control signal, and a valve 44
(e.g., a throttling gate valve, a poppet valve, a butterfly
valve, a pneumatically driven valve or other valve known in
the art) responsive to the valve control signal to regulate
fluid flow.

[0040] Upstream pressure sensor 38 and downstream pressure sensor

40 can be capacitance type, pilezoresitive type, transducer



i nvention can be inplenented include the SINGLESENSE, OPTI CHEM P and
OPTICHEM C fl ow control | er manufactured by Mykrolis, Inc. of Billerica,
Massachuswot2e06/208789] FIGURE 1 is a flow control devi ceP8d/usa@msoesidng t o
one enbodi ment of the present invention. Flow control device 30 can include
an inlet 32 for receiving a flow, an outlet 34 for directing a flowto

ot her conponent syd e bltbwrsystemt aresnstd | tined raked36 o ehg aran amefi ce

plate, small di apet.er _tube cher constricti nlgovvnr art) , a
pressure sensor” uplsst Pgan%‘r Constricted area BGQ( eO[r1Or eé%f%a%s t he

"upstream presspresserRserhijorofif isgureddt o ntéazsﬁﬂmanflqu@nrgeahrpu@ssﬁlroen a
D mensor o4 AanaRll £ Ol 0 RS LAGHEL 318,30, (LSherleg Lo a5 the

"downst r eam pressure sensor con gure sure avi]jlovmstr am pressure
a controller 42thahiletidgan Cmﬁmjéepr 6ceszors, copnbed s> anpdtsebhwar e

I nstructions folig lﬁ 58108, a?é(,l & grn%JcPé!‘ézﬁ %:%s% éo%el‘tsocyl %”Eﬁétéﬁ%e
val ve control na a val Ve 44 €.g., a throttTing gate val Ve,
poppet val ve, a4‘bU\tJtaer ffIOV vainele a epgretndtd o alonpedr i vrh. valateeofO otaher

val ve known in ghe @rnt ) LegRoNSiyRnkarthe a/@H %8 ﬁg&é@ém@oﬁi&@kst% egul ate

fluid flow. [0040] Upstream pressure sensor downstream pressure
sensor 40 can berewgFacithante Ys/p@ntppézer@sﬂ |a\71§1 PypR, o1t reesdutetts pet or

other type of pIESSULNSENSOr kIO vENLNEAN tsighlE, portions of upstream
pressure sensor 38 and downstream pressure sensor 40 exposed to the fluid

f1 owi ng tH-dughaffowcdarpobr deidudel) 30aeapntise dheni cantyoli dervicei 3h atespect
to the fluid. 09&14@'@6%&@&%&%&9%@%4 %nup%ﬁe@m J]%%S%eaﬁgreaﬁa 38,

downst ream pressure sensor 40 and val ve 44 vi a, exanpl e, electrical
connections. Vafy® 4on¢aalf devins 3iOnéFu@IleUcﬁ$rT§énenFIsstJ§ﬁéth pg§ssure

mi crocontrol | er gend @rsoaeasd&net\relarﬁepfeggm sehgael 1@NGORERPLL L1 OSe
valve 44 in response to the valve control signal.
upstream pressure signal 46 and downstream pressure signal

48, which can be digital or analog signals that represent
the pressure measurements at upstream pressure sensor 38 and
downstream pressure sensor 40, respectively.

[0042] Controller 42, using, for example, software instructions
stored on a computer readable medium, can generate valve
control signal 50 to open or close valve 44 to achieve a
desired flow rate based on the pressures measured by
upstream pressure sensor 38 and/or downstream pressure
sensor 40. According to one embodiment of the present
invention, controller 42 can determine a differential -
between the upstream pressure measurement and the downstream
pressure measurement. The differential can be any
representation of the difference between the pressure

. measurements at upstream pressure sensor 38 and downstream
pressure sensor 40. For example, the differential can be
represented as a pressure velue (e.g., 1QO Pa) or as a
signal having a particular voltage value (e.g., 100 mV), or
in any other format that represents the difference between
the pressure measurements. Controller 42 can compare the
differential to a set point to generate valve control signal

50 according to any control scheme (e.g., proportional-

10



[0041] A fluid (gas or liquid) can enter flow control device 30 at inlet
32, pass through valve 44 and constriction 36 and exit flow control device
30 at outweto®@4n2087pst r eam pressure sensor 38 and downst PERIUSPIISHI’THE Sensor
40 can generate upstream pressure signal 46 and downstream pressure signal
48, which can be digital or analog signals that represent the pressure
nmeasur enment s atuuﬁ@taéanT ‘8s e rs @ nsadren3s amdp@mMnﬁﬁﬂeant@mBssure sensor

40, respectively, .[0Q 59' lb%EtLd%’;lb lng. for, C/X%IIBE% cSof ty@r

i nstructions store on a orput'er rea e nmedi um enerat e val ve
control signal &Stheme gpem arr clegséoyad viem 44et erachi é\ﬁ@oaddegltcedarfel ow rate

based on Lhe prEssu; s, IeasUiad DLURSIEANDLESSLL SRNS0L, 38, And/or

downst r eam pressure sensor ccording to one'e e present
i nvention, contdsfidrarind® Tem detcedpbhetiprdicifree eptiwiordeinweesed o @pst r eam

pressure measur t 300 $NE ACWASLE Eam pf 633Ul € %‘%ae%”o‘?lmé%u&heslﬁnal

differential can be any representation of the difference between
pressure neasur@hevesdvat 44psty easrnppressinee fensoruBScandedbhpistratam

pressure sensor%é%hoﬁ% JSEAIE chie dd farenthal-onn.be . ppEasen ad as a

pressure val ue or as a signal having a particular voltage
val ue (e.g. 1mqﬂ;ﬁed by wav &fy ssefeteformat that represents the

di fferenegg %?t WeRihRENS PL eésc}i %rmﬁ{:'{g%se@ﬁ{&i 'o"fr o‘%@ £9mgre the

di fferenti aI to a set point to generate valve contr gnal 50 accordi ng
to any control &tHéww Cengrol ;ﬂ%p@ﬁt%naﬂ%’t egnrarol "CF@IVl):ecéﬁtq‘i@ﬂt schene, ,

proportional -i nf.egnalderi i’ﬁétv%z( BkDrécéiQﬂ%"g% §f&€rﬂ’an oQk180Y3 Piher
control schene known or developed in the art) . According to one enbodi nent

of the present d¥npsiinena ke $6t opbphtcEmMPnsEtdcteranifded Fromem 2

calibration curyg,p 'a)é@Qé‘é als b%‘?‘cdd%eét{hri RUL 3 FBSSoON MRk UBBT {4 Gufhw
rate. Based. on control gnal 50, valve 44 can open or close to regul ate
the flow rate. 34, a constllcted area 36, an upstream pressure sensor 38, a

downstream pressure sensor 40, a controller 42 to generate a
valve control signal, and a valve 44 to regulate fluid flow
responsive to the valve control signal.

[0044] Controller 42 can receive signals from upstream pressure
sensor 38 and downstream pressure sensor 40 representing the
measured pressure at the respective sensor. The signal can
be an analog or digital signal that can represent the
measured pressure by voltage level, as bits representing the
measured pressure or in any other manner known in the art.
Controller 42 can determine a differential between the
measured pressures, by for example, generating a difference
signal and/or calculating a pressure difference. Controller
42 can generate a valve control signal based on the
differential or based on the pressure signal received from
the upstream and/or downstream pressure sensor. Valve 44
can open or .close responsive to the received valve control
signal.

[0045] FIGURE 3 is a diagrammatic representation of one embodiment
of coptroller 42. Controller 42 can include an analog to
digital (A/D) converter 52 to receive signals from the

upstream pressure sensor and downstream pressure sensor and

11



It should be noted that the flow controller of FIGURE 1 is provided by way
of exanple. [0043] FIGURE 2 is a diagrammatic representation of one

enbodi nenwoabogid2asvocont r ol devi ce 30. Flow control devi eeT@®2@an287ac! ude an
inlet 32 for receiving a flow, an outlet 34 for directing a flow to ot her
conponents of a flow system a flow passage 35, for directing fluid from
inlet 32 to outdcetved4, tie constivedt ethraalea t36a ahyigpdt feans pr eFsurcessensor
38, a downstre prLessur g, senso 40, a trolle 42 to rate a val ve
control signal aéﬂlﬁ?an& R (f:Pvef ﬂfcg’oa?earhﬁ%%g Praf%*f oW respoﬁm ve to the

val ve control digpalrati@044] S€ontr @ldua, 421¢dornereianeA§ignad RISCom

upstream pressureocsegggjc_)r 3 and go trﬁ%pggggéﬁlsms%g 4&1{- resenting

t he neasured prpessure at the respective sens can be an anal og
or digital sigriachinhabgten qfeﬁheséhelpt e imeasured qJﬂEgsgreC@ySle cage

level | as bits [epnesen] LIBESHLEH sPeSSHES L, 15 aDy. QLek pAnNer
e J5eTER & e

known in the art. ntr can termne a renti et ween t he
measur ed pressutes mebyufet measples, garkrcatlicngate ¢ fdléﬁéh@@t—‘salgnaﬁaaﬁd/ or

cal cul ating a RLeSSUr e drdlarenseo, Con nallgt 42 can oeneral o a.ntal vee

control signal ase on t erential or d on the pressure signal
received from turstuestir eardamdLorato¥isIATe aRT PFesTUT ©4senAsovenaatre 244 can

open or close respensi ¥g,4.01t & negeiyad l@&ggeﬁpgﬂﬂo% n3EgNAlva1,Q045]
FIGURE 3 is a diagrammtic représentation of one enbodi ment of controller

42. Controller gpuddnobee|tdelagcanal puigtai §ledd AWD) BORVITELTSZ to

receive signal ssf rom Ebﬁvypéttm%aaheifféﬁ W28 y2eRSO4n %Ql@ewﬁ\;@awn&&%isur e
sensor andconvert the received sighals to a digital forfmat. Processor 54

(e.g., CPU, suchaslaan8osncibeesdsdtobyomitel @ipordorsh 8¢ Denta dara,
California, an  ASkG. a R SC processor, such as a PIC 18c452 processor by
M crochi p '

[0046] Processor 54 can generate the digital control signal by
executing a control program that can include a control
program 56 on a computer readable memory 58 (e.g., EEPROM,
RAM, ROM, flash memory, magnetic storage, optical storage or
other computer readable memory known in the art), accessible
by processor 54. In one mode of operation, the control
algorithm can calculate a differential pressure set point
based on a flow rate set point input and a calibration data
60 stored on computer readable medium 58. The control
program can use the specified set point and calibration data
to calculate the digital control signal based on the
differential between measured pressures. In another mode of
operation, the control algorithm can use the measured
pressure at an upstream or downstream pressure sensor to
calculate the digital control signal as described in United
States Patent Application 10/777,300.

[0047] The control algorithm can calculate the digital control
signal for a particular mode of operation using any control
scheme known in the art, including, but not limited to, a
PID, a modified PID with offset or other control algorithm
known in the art. The basic operation creates an error

signal. The error signal.is then corrected for the

12



Technol ogi es of Chandler, Arizona, or other processor) can receive digital
val ues from A/ D converter 52, representing the neasured pressures, and
cal cul at ewe 2déditRes7ent i al . Based on the differential or the/use@soesydi
pressure fromeither the upstream or downstream sensor, processor 54 can
generate a digital control signal that represents how nuch a val ve shoul d
open or cl ose tmmmregulatevdlwd.d ffhewsoVdatednwertersishadans comvernttethe

digital va ue !g.4n.anatog yoarqavcetgo%r%]l%i 908, and, seangd Lag analog,
control valve signal to the valve . 0+ rocessor ‘54 can generate the
di gital controlarsi ghal reyukikenutinagoa ciamedoklspsegr &m rhabltage-itrc] ude a

control program56.QR 8.GoNpULet Leagdahl e TREOLY, 58,1 &9, EEPRQM, RAM
a

ROM flash nenory, nmagnetic storage, optic storage or other conputer

readabl e menor ypdeidvnnion the art) , accessible by processor 54. In one node

of operathgQR, t .cont.t Ordnt C | cu e i-f.fer Lal. pressure
set poi ﬁ?bggée glﬁ%ggf&ﬁ%v cS;T‘al‘at%le és()e'tgg}ﬁo%ﬁll%ﬁﬁut&g%n%&ﬁggl’i Srgg J:'El(a)énl éc'%a 60
stored on conpuf®r omeadabherqradilynrBial Hrwresateod ymrogsanttan ase t he

speci fied set poinbandogabibratian,data to,caloutale bheodight ao,cont ol

signal based on the erential between neasured pressures. In another
mode of operatiaaplvihg tbatrolyneingati exrnesancnsko t Prr ifsad ar edoptidsomse at

an upstream or ﬂge‘é"g;%tl&ﬁéﬂlﬂ Y8 s $60SHn &%Rgéégﬁlé af %atlti"ﬁfg{ﬂcgﬁ alycant rol

signal as descri ih United States Patent plication 10/777,300. [0047]

The control al gord iFfesaanetdlc filaveconeradi gnodPr comalabraitganal cymre gor

particul ar nmode; Qf;1QPeLaksefe Usinig - aRYnCIIL T OhSCASITR; KROWA | Ll & nhtk
including, but not  limted to, a PID, a nodified PIDw th offset or other

control al gori thmBsoRESEANE HevaRt 1oThecdsicd Lopet atGadn 18cdades? an error
signal . The errof; i3:9Rabni Srddiem €0 &R tkotnt hepardi-eubarayal ve,s The
corrected error signal is converted

describe below in conjunction with FIGURE 6.

[0049] Controller 42 can include additional input/output
capabilities. For example, controller 42 can have
interfaces to support administrative functions such as
updating control program 56, calibration data 60 or
calibration program 62. Additionally, controller 42 can
include network interfaces (e.g., interface 64) to
communicate with other flow control devices, administrative
computers or other devices capable of communicating over a
network. It should be noted that control program 56 and
calibration program 60 can comprise a single set of computer
instructions, be separate programs, be modules of the same
program or be implemented according to any suitable
programming architecture as would be understood by those of
ordinary skill in the art. It should be further noted that
the controller of FIGURE 3 is provided by way of example and
other controllers can be utilized.

[0050] FIGURE 4 illustrates one embodimeﬁt of a control routine
that can be implemented as, for example, a set of computer
readable instructions executable by a processor of a
controller. At step 102, the controller can receive a

target mass flow or volumetric flow rate to be achieved.
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fromdigital format to an anal og signal by A/D converter 52 e and the
resulting analog signal is sent to a voltage-tocurrent converter that
drives thwocosmtmna7oval ve to a new position. [0048] Cali lpcatiseovsaad7al 60 can
i nclude, for exanple, coefficients for one or nore pol ynom al expressions
representing a calibration curve and one or nore correction factors for
appl yi ng t he polienewinalrcekpr ewsi enrly parifirgghiar @orditci 6AS. T vigsl ynomi al

expression can #epresent (ggalidanathoncurve tor differential flow control
and/or a calibration curve for single pressure sensor control. According to

one enbdd0fdit AsfcorRéngr ez ente ismbeniion. fobrobrerend? loganthet udéea _
calibration progsam62eto-update hige cald Reat Hon, dala .23 igscld bes bel ow in
conjunction with FIGURE 6 . [0049] Controller 42 can include additi (t)nal

i nput / out put cafREBIeE PPEENOTEGYL ERafPe efl iRt | P cedAonave thwt &ff aces

to support admqdgtabbyYendiinot icQnsiSUGAS: g@gﬁ@ﬁ@} Ng LAYHERLaPr Ogram 56,
calibration data 60 or calibration pro ram‘g ."Additionally, controller 42
can incl ude netSHYIRSEAPBrPATXE Pegtalitfttdiraceubyy ans eoRRLPREEI® Wit h

other flow contfQltode¥hbCeSyradMtRbSELRtd e cCORPHL &S ndothsks davcces
capabl e of comunicating over a network. It should be noted that control

program 56 and '@HGhiEEET HHProGrERL 68° Ehit CYRPEIQES a SnggrEPeGINGt ednput er

instructions, hetsepanahe POPRNEct e Mdubes: of ydha-i$ame1Rr ogram or be
i npl enented according to any suitable programm ng architecture as woul d be

under st ood by t¥BSERGFLIBR diHaY Y ISKREI1®in the art. It should be further

noted thabsbthe montkpl b 66, ofhFIdGHRECBLdS RROYELEd MW MRy, 9f.q exXae and
ot her controllers can be utilized. [0050] FIGURE 4 illustrates one

enbodi ment of PIEFFEFEl StRAThEPRat L HEPLfpl Fhetittd@%ase fFitedanpl e, a
set of conputerconverter. At this point, the upstream and downstream

pressure signals can be voltage samplings (i.e., digital
samplings) representing the analog voltages produced by the
pressure sensors. The controller can convert the received
samplings into pressure values. At step 108, the controller
can calculate the differential pressure from the upstream
and downstream pressure readings.

[0053] At step 110 the controller can compare the differential
pressure to the set point. If the differential pressure
does not equal the set point, the controller, at step 112,
can generate an error signal based on the difference between
the differential pressure and the set point and calculate an
error gain based on the pressure from a particular sensor
(¢.g., the measured pressure from the downstream sensor).
If, conversely, the flow rate does equal the set point, the
controller can calculate the error gain based on the
differential between the measured pressures (step 114). The
error gain can be added to the error signal to compensate
for low signal values at low pressures.

[0054] At step 122, the controller can determine a valve gain. The
valve gain adjusts the gain of the signal that will be
applied to the valve proportionally to the current position.

The gain can be determined from, for example, a gain curve
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readabl e instructions executable by a processor of a controller. At step
102, the controller can receive a target mass flow or volunetric flow rate
to be achweweas/oBbszocontrol |l er can apply calibration datacrastévs/oeseei ved
flowrate (step 104) to derive a set point. [0051] According to one

enbodi ment of the present invention, the controller can determ ne the set
poi nt by appl yisigpran nthnetegree Pokymom alurive ¢hkowd dwer avetem Appl i cati on
of the nth degreg balypon @l 29 cLockude ARRLYLOGA ROl yRQNL Al Xpr egsi on
based on a calibration curve and a correction factor to correct the
expression for t¢heeconddtfonsamidéiowhiich a hertlow covedgE . devd ¢&@lfvenct i ons

One enbodi nent_.qf r o ni t ti t IS i in
conj uncti on wi %algll @%& QGQQ[%%nggﬁ?&gag% Ifgg é\‘?%esq%gﬁt’r gﬁ?ﬁ%é%}gﬁyr ead
upstream and dowwstiesranpe esiguer-e ASFRRAIRY fhooane f eroaiaepltef ahsanal og to

digital converterc, At thyspointa LhEstipStiean. 2R daunstr e niessure

signal s can be 'voltage sanplings (i.e., digital sanplings) representing the
anal og vol t agestlpr c@dEedIdin tHEVEr 635 $ENSBPSY FhehCoNBL B | BFSROAFS -

convert[b@g5g69ﬁivqgﬁgﬁgpiiggggi@EQppiféﬁQﬁﬁ g@%ﬂ@§11%%n§&8@ alt he

control I'er can cal culate t fferential pressure fromthe upstream and
downst r eam pr essfes peathqgerqro@sshain wles 730Nt edherofferorsadsconpar e

the differential,pressunfad &dd 8t eI tor Liiihe didferenti apppressure
does not equal the set point, the controller, at step 112, can generate an

error signal baswdred shenali fdeer digecher Wwedivet he eRTT eeftras B éx€dge and

the set point angl caleeulal e AN LLEQL-galTHRISed O Lhe pLeagurerd rom a
particul ar sensor (l%e% , the neasured pressure fromthe downstream sensor)
i Pl B

. If, conversel§ho AehttdiadoEle eermirolhal get i gan of, CEREM chNt ol | er

can cal culate thie AidQr pr%a;wy hasedaqp1d heidi Bher enf | @lnthetiweego+ hemdmeasur ed

pressures (Stepkgggg in thg art can be utilized. Moreover, flow control
based on a pressure differential is also provided by way of
example, and other embodiments of the present invention
control flow based on the pressure at a single sensor or
other according to other schemes. PCT application
PCT/US03/22579, United States Patent Application 10/777,300,
and United States Patent Application No. 10/779,009 describe
other control algorithms that can be employed by embodiments
of the present invention.

[0056] FIGURE 5 i1s a diagrammatic representation of one embodiment

of a system 200 for calibrating flow device 30. In system
200, flow device 30 can be installed in the system in which
it will operate or a test system simulating the system under
which it will operate. Flow device 30 can be connected to
an upstream fluid flow path that includes, for example,
pumps, filters or other flow components and a downstream
flow path that can also include flow componentsf System 200
can further include a -calibration computer 202 (e.g.,
laptop, desktop, PDA or other computing device known in the
art) connected to flow controller 30 via a data transport
medium (e.g., a bus, a connector, a network or 6ther data

transport medium known in the art). The controller (e.g.,
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error gain can be added to the error signal to conpensate for |ow signal

val ues at | ow pressures. [0054] At step 122, the controller can determ ne a
val ve gaiwo 20dw2vsbve gain adj usts the gain of the signatTiusadoswed7isl be
applied to the valve proportionally to the current position. The gain can
be determned from for exanple, a gain curvestored in nenory. The gain
curve all ows thergystear t42)corfr étovw fombradi devons Io oanvabweiticaral ve . In

addi tion to coryecting, for. vaslatlhons Jia partleular Ualye.. the yalve gain

curve can al so conpensate Tor over shoot,  undershoot, and response time .
According to ortéleenib@dltﬂearrtsmﬂttm@msent invention, a sensitivity factor

can be EBBF835§?9$%HSVY§ :ﬁ%g%hnlﬁ &6% f% Qﬁiégléﬂj ?Pgmtng val ve

respons € con I"er can ou a control si gnal
based on the erqedibshyghet prrgires g&mférI@U@EhéY ﬁcacltadlcgla’sevﬂ)ul d be

under stood by 050 2kilddinchhe At oeTheocont el skagalc can dikect a

val ve to open or ¢l ose to bring rential’ pressure closer to the set
point. It shoulaf b@lnbr@tuctrhaltatahéo corfialébrakgor i admRusErCE@E maf i s provi ded

by way of exa”ﬁnf‘cl% yaffi"nﬂlt%'}%aggnﬁfcpéra@t! gar HS.Q;S@ASP ?hl@& eL‘[sterc"’m be

utilized. Mreover, flow control based on a pressure erential is also
provi ded by Waylrri‘felé%a@rp[‘émié’nd-?@ﬁh@? Eised i FERT 52 o5 ftoFietb? esERb ARt i on

control flowb AR, the, DRESSYEE Amduinghs S£NSQUmPhi ehher: Areqrding to
ot her schenes. "PCT application PCI/US03/22579, United States Patent

Appl i cation 10/rFFEize0, feam BUMSt%édtStHiee§aﬁ>at°éﬁmxpmlp@éﬁmowwlSP@PY?g 009

describe other ganfial +al gor ks t hatopan heo.gmlayed byeephodijrents of
the present invention. [0056] FIGURE 5 is a diagrammtic representation of

one enbodi nent BIVeatdgst etAIGT PN cCEPMBYALT AG2 f T BW e PrEEId®S a™h system
200, flow devics3QreaR Be- ivhst aghgglmanh@rgﬁa@r@ﬂd}ewhbﬁhﬂcsw Wi ceper at e

or a test syst e3n8 Si %11' ati ng t he sgst em under

ccordlng to other embodiments of the present
invention, calibration computer 202 can include the
calibration program and simply upload calibration data to
flow controller 30. Where the correction factor,
sensitivity factor or other calibration data is calculated
can change as needed or desired for a particular
implementation.

[0058] According to one embodiment of the present invention a
calibration curve can be established for flow controller 30
before flow controller 30 is installed in system 200. This
can be done, for example, using a test fluid, such as
isopropyl alcohol (“IPA”) or other test fluid, and a test
system. The calibration curve can be established according -
to any method known in the art. According to one
embodiment, the flow rates for various differential
pressures can be determined. Assume for example, for flow
controller 30, fifteen samples are taken at various

differential pressures to produce the data in Table 1:
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which it wll operate. Flow device 30 can be connected to an upstreamfluid
flow path that includes, for exanple, punps, filters or other flow
conponentwoaneb/@ogfownst r eam fl ow path that can al so i nclpa@arstéoss741
conponents. System 200 can further include a calibration conputer 202
(e.g., laptop, desktop, PDA or other conputing device known in the art)
connected to flow controller 30 via a data transport nedium (e.g., a bus, a
connector, a network or other data %1&9 port medi um known in the art) . The
controller (e.g.,controller 42) of ow control device 30 can _conmmuni cate
data to and recaﬁwefMa fram cdli br dsonDitzrgns=er 202 \Al®wt Retdat/a
transport nedi m QO 57] | Fl ow dgvi ce 30 can include ajcalibration program
(e.qg., cali bratl on program 62 off FIGJRE 3 ) to calculate a correct|fion
factor that clan bel@torezl of.ab gxanple,, @LIPart of cali br&t@bn data 60.
Cal i brati on clepputer can—tnekude—an iﬁt“rfaucﬂ*vtlalll‘ sphay a

gr aphi cal user |nt£¢fa (Tf%ji ") 206 or odt'hGgrO interf age for Ct)éﬁe gal iybrati on
program Calipration conputoerr5202 can cormlmilcate iants rece? ved froma
user to the cali-bratieonprogramand—dispta qut-puts—te thetser Hn this
enbodi nent of| t he E(F esent | :jventl on, cal |]b?at| on conput er %o‘*?s. ml y
provides an interface fof the calibratiomr pm@gram stored on.24 ow devi ce 30.
Accordi ng to pther—enbodi-nents the—pres RE—-RVeRt-aR; Cﬁ“ 4?. at+Hon
conmput er 202 [can |?1Q;I ude|t he” calli bration r(%r am and gi npl y" upl oad
calibration data tooflTow|congrolfler 30. Whers® t he corrlectionefactar,
sensitivity factor or other calilbrationdata-is—caleul m\,d ceap—ehange as
needed or desjred t%r a part?cul ar i npl en%‘rﬁba?ti on Q058] OatRor di ng to one
enbodi ment of [The pgesentt 1 nwentji on a cahkobsaéi on curve can.be estlablished
for flow controller 30 before fllow controller 30 is installedi-A-system

E=3

200. This 10 13 12.865 1.29
10 16 15.220 1.52
10 19 17.544 1.75
10 22 19.655 1.97
10 25 21.717 2.17
10 27 23.031 2.30

[0059] In the example of Table 1, the calibration curve can be
represented by an n®® degree polynomial. For a 2™ degree
polynomial curve fit, the calibration curve of table 1 can
be represented generally as follows:

AP=ax*+bx+c [EQN. 1]
and more specifically as:
AP=1.64237660x%+7.950469544x~-.011737883 [EQN. 2]

[0060] The coefficients of the polynomial expression (i.e., a, b
and c) can be stored in flow control device 30 by the
manufacturer, a third party or be provided in another
manner. It should be noted that the calibration curves can
be derived in any manner, including any curve fitting
scheme, known in the art and can be represented by other n®®
degree polynomials. Additionally, the polynomial can be
forced to a zero y intercept. In this case, the c term

(e.g., -.00111737883) can be dropped and the a and b terms
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can be done, for exanple, using a test fluid, such as isopropyl alcohol
("I'PA") or other test fluid, and a test system The calibration curve can
be est ablweheas/asor di ng to any nethod known in the art pchamsesodiozgy4t 0 one
enbodi nent, the flow rates for various differential pressures can be
determ ned. Assune for exanple, for flow controller 30, fifteen sanples are
taken at vari ouslidisfteer énti@le pressufes. t Fcproducehd heldataisah thabkl e 1

Table 1 [0059],d., the exaople holapl ez Lheyeal Iy abl.on, ey vg,can be
represented by an nth 8egre po yﬁoma "“For "a on dégree poTynom al curve
fit, the cali bribitdher vapvesiy trablcesd Thnidse orepresieantt edegenes aldop as
follows: DP=axZfhxtc JEQN. 1 ] and nore specifically as: DP=1.64237660x
2+7.950469544x-. 011737883 [EQN. 2 ] [0060] The coefficients of the

pol ynom[&I06éxpresgirerticee. thea propeandfinnid ead besstoried whach | Hewcont r ol

devi ce 30 by t[}foé{@%ﬁf actuLersg a gt fﬂhggﬂ ald Yii 9 fofgxovgr%dgfég ef&%t her

manner. |t sho be noted that the c ration curves can rived in
any manner, i nctdichgnanyesurssstem ti by soipemsatknbun tivdst hehart and can be
represented by ﬁlh_%rra@ﬁgndﬁﬂﬁ%mpggxn&)&% ne AddiLi LY £2L 018 RQlLYynom al
can be forced to a zero y intercept. In this case, the c term(e.g.,
-.00111737883) f&n Bevdropped #sdiche aFHWRED 6t &8 nsadjarstcbdrtor the curve

fit. Forcing the polynenhal odd Arg8ifed IdK & f8PhoH&! PS,HLRE Y 26 Skew ng of
the curve for higher viscosity process fluids or greater pressure drop

devi ces . [00 6IlibFapiaetdaie tor Recpic ey VRGLguamroPpsseprtanaisiceh 1 ow

control devi ce 3 il Bsbalietpibl Oifey Jomtherd st bhuld and test
system To conpensate for this, the calibration programcan determ ne a

correction fact©rCUHRer o hEhdt dlec dAPY ofoeirilder £F GURE a6 1lied anfihsv chart

system in which it will operate or a substantially similar
system (e.g., a test rig that simulates the system in which
it will operate). The process of FIGURE 6 can be
implemented by a calibration program residing on a flow
controller or a computer (e.g., calibration computer 202)
that can communicate with the flow controller.

[0062] At step 302, a maximum differential pressure test can be
performed to determine the maximum differential pressure
under which the flow controller‘is expected to operate. For
step 302, the calibration program opens the valve of the
flow controller to its maximum open position for a first
period of time (t;) (e.g., ten seconds or other arbitrarily
selected time) sufficient to allow the differential pressure
of the fluid flow to stabilize and minimize startup and end-
of-dispense effects that can affect the total mass or volume
reading relative to the dispense time. The differential
between the pressure at the upstream pressure sensor and
downstream pressure when the valve is fully open is the
maximum differential pressure (APp.). APn.x represents the
maximum differential pressure that the flow controller is
expected to experience during operation.

[0063] 1If the pressure sensors of the flow controller have a

maximum pressure for which they are designed (a “maximum
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illustrating one enbodi nent of a nethod of updating the calibration data to
account for various process paraneters and the process fluid. It is
assuned, wono@unrpsses of FIGURE 6 , that the flow contr eclrars2e0s/oesrst al | ed
in the systemin which it will operate or a substantially simlar system
(e.g., atest rig that sinulates the systemin which it will operate) . The
process of Fl GdRErétcan mesisopkéhentted dopfagesd iiyrapiroar fr ogiram-residi ng on
a flow control |l er . a o ter. . N i ter. ) that can
communi cate wi tfﬁo‘t g{él? Ilonwm(%%nﬁrgﬁ%rﬁjé‘?.dﬁ%%%%%l g}eegggggf%@rr%%i mum
differential pressune tlestmaganubedpeidfreniedl t o orstiaenitfes t I eakiAtim
differential pr ure er. i ch. I cont l.er..i sce

operate. For stwggﬁséfé%}ﬁte t&&??gggﬁgﬁkgg\%?g%E;o%gﬁglf hgfv%%\e/egltsgg %ﬁ%mf | ow
control ler to idedngagisradeopeniposi téxgmpefler af far sPspeprBIPBISIIT/Re (ti)

(e.g.. ten seoandsor, of herashihrardlotssel e edid 8) ssullj alant to allow

the differential pressure of the fluid flowto stabilize and m nim ze
startup and endofnidyspensidoef fertsotltat vedne aftdarictehy vbihlcargssthe

vol une readi ng Jelative  qthg di spansaesie Jheddi fibergntialsdgtyeen the
pressure at the upstream pressure sensor and downstream pressure when the

val ve is fully tdgesonEiqhetirri RUAYERT fefefel aft fr dedireSEBPHK D2t DPnac

represents the mmxioumdiffaenti o pessuiecdhat-dhe bl ovhsontdobker is
expected to experience during operatjon. [0063] If the pressure sensors of

the flow contrdldler Ravksia ®aXi RBNP Pt esdBr EREdr CIitfi cAPEhe BB dE4PEned (a

" maxi munoper at if1g PSS € moni thher §ONfYs@ubahi e fhaar _@HHC@%@Q:Q@!JN for
this in the maximum differential pressure test by setting the maxi num

differential predyarantdl dheVeFtEpat RASSEUHE ev2 MeRHe ORaR & oper ati ng
pressure of a sansEE-fhoMabiRgsexsepded.. Ashanpexsiipleedikfedhtipst ream

pressure Senso%ﬂﬂﬁftﬁenggggggggpggggéégggf%r%%ggEGBéﬁoé%ggskieggﬁre limit
can be selected as the maximum pressure differential APg.x.
The flow device can further set a maximum flow rate for the
flow device at a flow rate that is some percentage of APpax-
For example, the configuration program can set the maximum
flow rate to be the flow rate that occurs at .95 APpax.

[0064] Thus, the configuration program can select the maximum
differential pressure as the differential pressure
experienced when the valve is in the fully open position or
a differential pressure that maintains the pressure at the
upstream or downstream sensor beneath a predetermined
pressure limit. If a flow rate is later selected that would
cause the set point to exceed the maximum pressure
differential, the flow controller can return an error or
simply use the maximum differential flow rate as the set
point.

[0065] At step 304, an empirical flow rate can be determined for
the flow controller. The calibration program, according to
one embodiment of the present invention, can direct the
valve to open for a second period of time (t,) to_produce a
flow having a non—maximum'differential pressure (APest) that

is less than the maximum differential pressure. According
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opening the flow controller valve conpletely will cause the pressure at the
upstream pressure sensor to exceed 30 psi, the configuration program can
sel ect a welw&/ret7vi ng t hat causes the pressure at the ppItUSe@SIOPS7T@BESUr €
sensor to be below 30 psi, say 28 psi. In this case, the configuration
programw || nonitor the upstream pressure and open the valve until the
upst ream pressuce cing &&ﬁkﬁilﬂ@htobhethepnﬁdﬁteﬁltﬁimﬂhtﬁfoasﬁElreet lcbmi be The

I mt can b SOEBCERUTAE Lhe i mNcoreod i o 1 T4 efGnbhat TARELS, The 11 ow

devi ce can f ur ttheprpseéd asuraxXithmm fAb.Qw Isatrmlffwftmaf lEo)w teviseeocatis aof | ow

rate that is sqf S, ercgygog%ef %EmQPQa%(fJIClléor ? Ow, t onfi_{cguratl on
program can set” XThum I ow'ra Be ow rate $hat” occurs at

.95 DPnax . [O%Aa]lll'hnstei hé&tcaohéi guat atfi an, ptrlmgraanun’anoﬁeilemi tthe maxi num
differenti al [ r ne rlencd n the
valve is in the %%P%%;Oe#ﬁ%gm Elﬁn&%%ﬂ 1&8 é%gn dIxth}ﬂfa%réuo(r?e ﬁﬁ%

mai ntai ns the pmgssdrel afldvheatpstradmeen uequxaamegeﬂsmrdlmeabh a
predeterm ned pressure limt. If a flowrate is |ater selected that would
cause the set point toxex&eed t he maxi mum pressure differegrbijalz; the flow
controller can return an erfor or sinply use the maxi numdifferential flow
rate as th% et _point, [0065] At step 304, an_enpirical flow rate can be
det or m RRHOF o Toife CRI bW Tortt SEPEFAnTIAE CAPPD? At G ASEFEM " accor di ng t o

one enbodi nent @flchmat@ae@&merengmlmss@&a divegy thengralyeatoriepen for a
second period of tine (t I)e oduce a fl ow haV| ng a non- naxi mum
differential pres¥uréteoft stthe) th&legfpse IREY CRART t he maxi mum differenti al
pressure. Accordingto ang,d abggimg,tpqt@f the present invent Egm DPcest can b
e approximately_ half of DPma n this eéanghe I.can b e opened

SuahPt hat Dbt edS g HAF r R T Bl Ss SLoh S S,

becomes:
APcaC=l.6423766Oxam2+7.950469544xa®—.011737883 [EQN. 5]

If for example, step 304 results in Xep= 2.72 g/sec for a
APiest=13, APgs1c will equal 33.81.

[0067] The correction factor for the calibration curve can be
determined, at step 308, according to:

F= APtest/DPcalc [EQN. 6]

Continuing with the previcus example, the correction factor
can be approximately .38. The correction factor can be used
to adjust the n* degree polynomial curve generated using
the test fluid. The correction factor can compensate for
differences between the test fluid and process fluid and
differences in the system in which the flow controller is
installed from the system in which the controller was
calibrated. The correction factor can be applied, for .
example, when determining a pressure differential, such as a
set point, for a given flow rate. The flow controller can
determine a corrected pressure differential (AP.y.r)
according to:

APcorr=F( ax’+bx+c ) [EQN. 7]

20



ot her period of tine sufficient to allowthe flowto equilibrate. At the
end of t2 f the anount of fluid (z) dispensed by the flow controller can b
e det er mweaonockinaes7enpiri cal flow rate (x enP ) can b e aetrarsmiosmes7accor di ng
to: [0066] The calibration program at step 306,. can determ ne a
calculated differential pressure (DPcaic) using xenp as the flow rate for
the nth[degroee polymoncab, DRCalaczaxaeigh Zthyrenpden [f£QNe 4h¢ Using the

exanpl e coeffici s from expressi on beco

Sl PR AR R T sl T Ll L N S
exanpl e, step %&ilesreeﬁuhmemtmcsrwag TRe giﬁﬁlf:d)én’asmm 43, dBPocd c wi | |
equal 33.81. [00 éJ oThelcor él ondf a]gtor o € cal i ratl on curve can b e
determined, at Xtep 308, o efa 17 DPEalPE PRON D% ety
Conti nuing wt hsatxhelgpltem oawsmejtanipl Bactde c@bcecdimm Hoaehothean b e

approximately . 3 odmen%orEecht' on_factor can. gne used. t adiust tfhe nt h

degree pol ynoni@l- curve génerat & elsfsamh N ??Vﬂlcd)e%f TOFF e¢tli on

factor can conpldtsaiaélb@at:bn‘. fcwrmacesnbmm:neﬂheetest Ffal,uﬂd amnd lrmocess

fluid and differences in the %?’%ﬁqgg Whi.gh H} 2flow c'i'lez{ d

installed from Ihe systemin & Controffef was call rated he
correction factorheamabner applicedd berumicamsbed hetrhatet énntne rrta péssure

differential, %ml%saaséeﬁe RQI, HOL 19 $ed L{ngeét%to% Fltgg%%éo gayxayor

controll er can determ ne corrected pressure differentia
accordi ng to: DRElomomEedx Qeboec ptpEEN. 117 & [S0068¢ Atowstceptidblethe

cal i bration pr %Ifd%%%”tﬁéoffm} hentabi Pration.datay Arcording.§ o, one
enbodi nent of t

conditions. Additionally, the calibration program can save
the maximum flow rate (e.g., the flow rate that occurs at
.95 APh.x or other maximum flow rate) for the device.
While, in the example discussed above, only one empirical
test i1s discussed to calculate F, multiple tests can be
used. For example, the flow device can be configured to
cause flows at APiestir APrestzs APirestzr to calculate Fy, F» and
F3 respectively. Fi,” F, and F; can then be averaged (or
otherwise used) to produce F. According to another
embodiment F;, F, and F; can be applied at different ranges
of AP when the flow device 1s controlling or monitoring
flow. Thus, multiple tests can be done to calculate the
correction.factor or multiple correction factors.
Additionally, multiple empirical tests can be performed such
that a correction factor for each coefficient can be found.
APoorr=Frax’+ Fbx+Fsc [EQN. 8]

[0069] Moreover, as will be discussed in conjunction with FIGURE
14, multiple tests can be performed to produce a curve
without a correction factor.

[0070] In some cases, use of EQN 7 to convert an input flow rate to
a set point may result in a slidght offset between a flow
rate entered and the actual flow rate aéhieved. For
example, assume the target flow rate is 100 mL/sec, but the

flow controller, even after applying the correction factor,
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present invention, as the coefficients of the nth degree polynomal wll

al ready be saved, this can be done by sinply saving the correction factor.
Accor di ngwt)aocmmbttver enbodi nent of the present inventi orCTrEseosoes7#i ci ents
for the calibration curve can be stored (e.g., Fa, Fb and Fc). The
corrected calibration curve can al so be stored in any other manner as woul d
be understood hysthasesimd rfte,/aét:. | tn shhaul dasd so e enobededthat: mahtbel e

correction factors and/ jals n _be toredrnasrnleflow
control ler, al IGWeAGER %tfclp&fv% ﬁ]fr%ﬁ]te ltsooge Used in a varrgety of

condi ti ppg71Addiddoenahd Yso tdie eabbda)ﬁeetﬂtoofptngr@mmm savent e, maxenmum f | ow
rate (e.g., the flowrate that occur @a 2 other tmaxrrgug’nlflow
rate) for the d@FScEOTTRFHED CA™ He %F%lllgea slsoeV ab8ve, “onlYy one
enpirical test dagedicsCtiss et dwo ceateslBire FThenfildw plomttreslsr carsbd used.

For exanple, the row devi ce can be confiqured to cause . flLows t_
DPtest2 , DPtedtd o Caf cHRAEET FF Sne& %@lrles%]e Vel dl%%llen% %ﬁ
can t hen be averagedthercattherlwesgo et tt:otpeosmtce)oFint Acesmddeng to

anot her enbodi %fg Fgl%l ac'[’]d E3 Cta'jhe bvealav%pI I egcl?‘:ﬁ de' ttﬁlgrﬁ po%%% Of bP

when the flow S SPFP ng or rronrtorrng T
tests can be dognestoareatitifeatemttibe. cOrlreeckilon q‘:am;tkmr O@renﬁdlfcplplaet@orrdecti on

factors. Additional I bf”tlr” ti pltge‘fo |a:§’r |1%age&er§ $ t%%ﬁ ﬁe%%u%&zggaig& t hat

a correction fattor’ 8F exe ént ~can oun bx+F
c [EQN. 8 ] [OOﬁ%]pehdbeeolvxertheailwl torbe:omlscuseedoa me@onjLadctiRmnWth

o roction oot iRsS, bEELRenan BeoReLlol g Lo BLOCIEG.D cutie W thout 2

correction fact® SONEe cases, use to convert an i nput
flow rate to a sdtibgeithtn Emegresukani FPTEpage] ghis of fayetraset Weerhen thirg@tr at e

entered and the fg%'fgkefLQWﬁéégfalﬂghﬁﬁ%”%ionggrrectlon In the example

above, the flow correction will be -3 mL/sec. The flow
correction can then be applied to each target flow rate
provided to the flow controller.

[0072] One embodiment of the calibration program can also suggest a
sensitivity factor. The sensitivity factor can be applied
to the wvalve gain curves used by the control loop to cause
the response time of the flow controller to increase or
decrease. The response time is the time from when a signal
is sent to the flow device to when the flow controller
reaches set point. The sensitivity factor is a gain value
for the valve to which the response time is dependent. The
higher the sensitivity factor, the faster the response time.
The controller can be configured to have a baseline
sensitivity factor (SCpsse) .- If the response time (tiesp) of
the flow controller is shorter than a first response time
(e.g., .4 seconds or other arbitrarily defined response
time) or longer than a second response time (e.g., .8
seconds or other arbitrarily defined response time), the
calibration program can suggest a new sensitivity factor
(SCsug) that brings the response time of the flow controller
to within the first and second response times. It should be

noted that a sensitivity factor can be used to adjust a
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exanpl e, assune the target flowrate is 100 nL/sec, but the flow
controller, even after applying the correction factor, di spenses 103 ni/sec.
In this oseeoe/mned7e correcti on can be determ ned to acceamuskas/ sTids

of fset. [0071] According to one enbodi nent of the present invention, the
rate correction can be determned by providing a target flowrate to the

fl ow controll ersinthe phrwmenﬂmtmmlberpmba5e@amatéﬁ3ﬂdﬁ Ltheapocdeter m ne t he
set point pressy re qELmere C§£aggdoaggkxeggg % v1% . gorithmto the set
poi nt pressure erentlal the valve eve the set point
pressur eOd‘7BﬂertEret ifak st Tdued \melcwedcaasﬂ&mwpemedsfmn a>et ket drperdddbyef tinme
(t 9, say 10 sgconds, and Lhe Aupunt, aloahlyi d.dispensed by ihe.f Low
control |l er can ‘be neasur ed. ron1Wh|s the ®ac Towrate°can be

det er m ned. The:lraaialcbeaiasmr:qorocfgttam ﬁbafw cmmpaoelem s Thleowd rat eresponkhe
target flowrate t t th 0 i 0 nt e ove,
the flow correc |onC%ﬁI§gbe - ﬁ%?g%%&h%ﬁé&gg%ﬁ/%%H#é&t?%ﬁﬁéﬁggkh%n e
applied to eacheit &agel £¢ ow.r &he provicedrodlehewillowmotonkpetisrce [ 0072]
One embod! ment gl 4ifhe Call NALAR: BAOGHATEAR B SO AHOGESLnR SERRLLYI Y
factor. The sensit Ivity factor can be appli to the valve gain curves used
by the control #aspcen bause ftilsdensdporsertt thetofif Heesb | v ot Ebkh eI t O

i ncrease or dec e..The r i i h i f ignal is
sent to the fldg 2vrgeb?o1a§£Qﬂ%ﬁe%%PPd#%%%t?%%I%?zF%ggE2§§§%$M%E|nt The
sensitivity facdkﬁfeﬁenhl@hjqvhﬂ%lweeﬂ@wghlﬂ@aﬁatbe ¥FRmisehtihe dassponse tine
I's dependent. eqnﬁ'fgﬁgﬁtiﬁeaﬁ%'&%' "thé!'x?c}itﬁn%%grllc% el fo%%{oé& theespense
time. The control can be configured to have a baseline sensitivity
factor (SCbaSe gontrofherresponse time (t resp) of the flow controller is
shorter 1phhana fild %FTLEBEJS_%Q%&I' %r(ge@ermlnéngegend%aw pQt BEF s %teaar' ly

defi ned response ti onger than a secon response tine (e .
based on empirically determined data by, for example, the

flow controller manufacturer. Example eguations for
determining SCsyy can include for example:
SCsug=SCrase™ (SCrase*3* (. 5—Tyesp) ) - [EQN. 9]
if tyesp is less than .4 seconds and
5Csug=SCrase™ (1+Ltresp—- 6) [EQN. 10]
if tm%;ls greater than .8 seconds.

[0075] The calibration program of the present invention can thus
quickly and easily calibrate a flow controller for a
particular process system. Embodiments of the present
invention can include determining a correction factor based
on 1) a differential pressure calculated using a measured
flow rate Xen and a calibration curve polynomial (e.g.,
APcaic) and ii) the differential pressure (APies:) that
resulted in Xemp. Additionally, the calibration program can
determine a flow correction and suggest a sensitivity
factor.

[0076] A user can interact with the calibration program using a GUI
or man machine interface (“MMI”). According to one
embodiment of the present inﬁention, while the calibration
program runs in the controller of the flow control device,

the GUI can be presented at another computer, such as a
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seconds or other arbitrarily defined response tine) , the calibration
program can suggest a new sensitivity factor (SCsug ) that brings the
response wormoeai2od7ne fl ow controller to within the firstcanm2aso0es7d1
response tinmes . It should be noted that a sensitivity factor can be used
to adjust asingle paraneter or various paraneters of the control algorithm
to i ncrease or ldeesgase c&%ﬂtsbpi ng/led[ @078hs Thew icnstrahdlesecendaeesponse

ti mes can be determ ne exam t W CO urer
based on the chaFatt®? §1r’l Egné?mffh I"‘I(:)L\l/tvhc{:.]('e tgoEIOI er. P%@l&b#l rs regg%%%lse
time can be sufhi exanp]ley ehmnglméﬁatt Oﬁ fo ereseni®great énitimmingr 2equal to

it, the flow caon |ler will no n S n o I d in the
flow. The secorfd rels%%lnoéfleptlloﬁ%scan eseglfglﬁgl%%éalt%% ; ; JS%}Lf e%}?tesp is
| ess than or eqhal fiowidontirhe ﬁéwwwllllr eéaspendvre fé@tldpmlnttq@r essanes
differenti al |ckIy no ﬁ?; e i ficantly
af fect the vol Hme of ﬁ q%gg éu put be\ﬁtllggﬁ%?o %E[C%(%%g] tIl%((aal

al gorithm used “feof" deteni nE’ﬁQUSEsTﬂg F@@Nlﬁese@m arlamphe demasdidiepy of a
erpi fically delgr {ae%éiaéo% L6 B £XATBL o oA D12 00004 0 L

manuf act ur er. e equati termning S ug can include for
exanpl e: SCsugES@baBeg (Sebaget8t (05-kiquddpd}srerEad (9)]aftey r'fé?§ppie$11>(éss

than .4 Second%_ggcé§§§ 49 gﬁ%g%ﬁTQEEE15ﬁsﬁbvfgb Eggbﬁe@éymﬂﬁ% Lresp is

greater than he cal i bration program of the: present
i nvention can td@d@ué@t@m&a@n@%éﬁtﬁyméw|fBr abeldati pan lsontcsrfer/$or a

particul ar process,systemsdEmodiapits 0k Lbespranent shevention can include
determ ning a correction factor based on i ) differential pressure

cal cul af@@7usi ritj CARAR AU raa! ﬁDoMlm@@t@nﬁcéﬁ@Fl% ©4 epelatPon curve
pol ynom al (€. g..5 RDRcAL L), and hibdnf hiy dihierept il -JAassyegek DPtest ) that

embodiments of screen 702 that allow a user to initiate a
dispense process and input z. Screens 704 and 706 also
display a suggested sensitivity factor (SCsyyy) and allow the
user to accept or reject the suggested sensitivity factor.
Screen 704 illustrates a suggested sensitivity factor when‘
the response time is too long and Screen 706 illustrates a
suggested sensitivity factor when the response time is too
short. It should be noted that the screens of FIGURES 7A-7D
are provided by way of example only and any suitable
interface can be provided. It should be noted that the MMI
can also report other information to a user including the
maximum flow rate determined by the calibration program and
other calibration information.

[0078] Embodiments of the present invention have been discussed
primarily in terms of differential pressure control.
However, it should be noted that embodiments of the present
invention can also be utilized for single pressure sensor
control. This can be done by substituting pressures at a
particular sensor for the differential pressures in the
process of FIGURE 6. In this case a calibration curve is
established based on the pressure (P) read by a particular

pressure sensor (e.g., the upstream or downstream pressure
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resulted in xenp Additionally, the calibration programcan determne a flow
correction and suggest a sensitivity factor. [007 6 ] A user can interact
wi t h t he weal2dwmrdg7on program using a GUJ or man machi ne Pcmiusedoaoes7¢l VM ") .
Accordi ng to one enbodi nent of the present invention, while the calibration
programruns in the controller of the flow control device, the GU can be
presented at anehber) cohmput eestsfiohicasmakaptept arondéskeop. cdgpletdht®d t he

fl ow control device, as described in Lunction wt <sFLGURE 7A
provi des an exéir‘lrgggi%%bloa i et - of - aCdslg?)gjégQ 0 Lov\rgl"i %i ﬁ%lu%ﬁéﬁﬁ calibration
process. Screeral@Branthrcateset oat He uspresbated iy Bhow copgrsi device will

di spense fluid for ten seconds.(e. i) 18P . k@ -REgceed by
"clicking" the PPy h%f’on%F%é&]%Eggﬁ tﬁ%\l/igdggﬂe{ln%\g%g%%ﬁeé%ﬁbo%i ﬁent of a
screen 702 for gpérf.or Mg caldbspeiwe tiroprper ¢ayd l2oandr&enrers nigspaesSanount

of liquid di spg%ggsgzgo@fge tt%mptg?r&%dc_ 42 1ELOMiZy, ot Ne galddahi o
devi ce can deteérm ne xenp cal cul at'® calc and determiné F . Additionally |,
screen 702 al | ows eheunsert tvolauf ustsnameedens] ti v @pdf ot PRORTT] T GURES

7C and 7D il u%encg%%aﬁgrgens#g%@ngegl% Lespeshi ¥eldkn Sergensi040and 706

represent other e i ment’s of screen 702°that allow a user to initiate a
di spense processmatd feprumine. a SBreensTPOLATECrOBR afxF-odi $pFay € suggest ed

sensitivity faciQr (SCs49%JecaBH Ahd o tiRecEssr t eoapcept or reject the
suggested sensitivity factor. Screen 704 illustrates a suggested

sensi ti VPOY 91 adidori tiwheal T the itesponb® hid meted thoat |S5Whgdanen Stradefh?06

Illustrates a Spg:% € ot ¥bf Vi d Qn Whed e 8aPeNBEf i Me IS too
short. It shoul %ﬁtﬁog%ﬁ t hat the sc?a(ebtgnéeof FI GJR§§ 7A-7D are provided by

way of exanpl e aitycaheranmy stichblls igrrérpaceethas B6 presd d8U.thet shoul d

?ﬁ noted that the M, can,AlSQntRPOMLimNeE i BEQTdmtiQR b attser i ncluding
e

downstream transmitter. The calibration program can open
the flow control valve to a maximum setting for a period of
time (t;) to determine a maximum difference in transmit
times (Aty.) Ffor the flow controller. The calibration
program can also run a dispense for a set time (t,;) at a set
transmit time difference (Atiest) and determine an amount of
liquid dispensed (z). From z and tz, Xemp Can be determined.
an n™® degree polynomial representing the calibration curve
for the flow controller can be applied to Xenp to determine a
calculated time differential (Atcae) for that flow rate.

The correction factor can be based on the ratio of Atiest and
Atcalc-

[0080] Thus, according to one embodiment a flow device can be
directed to open a valve to produce a flow rate such that a
variable indicative of the flow rate, such as AP, P, At orx
other variable indicative of flow rate has a test value
(e.g., APrest; Prestr ALtest) - The empirical flow rate can be
determined for the flow for a time period. A calibration
curve is applied to the empirical flow to determine a
calculated value for the variable (e.g., APciicr Pcaicr Atcaie) -

A correction factor for the calibration curve can then be
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maxi mum fl ow rate determ ned by the calibration program and ot her
calibration information. [007 8 ] Enbodi nents of the present invention have
been di scweea/posarily in terns of differential pressece/useosned74l
However, it should be noted that enbodi ments of the present invention can
al so be utilized for single pressure sensor control. This can be done by
substituting pmessummecatbaaoaabhi titd aressensbue ford tthe diffwereerti aklue
pressures in th ocess f FIGURE 6 . In this case a calibration curve is
est abl i shed ba§gd ﬁ YHe Préssure (P) read by a particul ar pressure sensor
(e.g., IO@SDPSHheaHbOéxéMpM%$téeaﬁépﬁﬂﬁsubeseﬂmiﬂ@ ffaatoa remalmﬂ ui d under
test conditions.

adlfferentl pressure calibr
single pressuré (?EFF‘BFat r}b %karie Tarrthes F@?fr’ elsmeen’tcC g an n 'é(%’egree
pol ynom al . Jn 1$|vbblti|.01ﬁhe:1’£ea|clolﬂlta¢:tmn pﬂa@gbammamaie’t mmh neleay Pawz .- e

calibration pr can al s erf dIS e e Qr. 12 a Ptest
that is |ess tﬁg‘n% GHd ‘de h%r i n%ab]ian lon ?lalf %1 aété lsnp?er?gltgd (z) . z
and t2 can b edifédlémtm @msnerxemj?testfrm muﬂtdﬁgee@nmodlycaébnfmvvcan b e

applied to xemp to_det rm ne Pc C

det er m ned bas&éltton ‘the’ta |a6“%é ?f%stﬂpt"dt |?§O%[ g%?%ﬁ%%ﬁpgl ti ﬁf%% it
should b e not &dtbhaéaentimmmht snafarnchd opr eséndzf ithee fl Ponc e tengeappl i ed
to ul trasoni ¢ fqw ontrall ans.i powhygh the cant ol et bod s based,an the

di fference of transm t nmes bet we an up Pream anddownst r eam
transmitter. Theteahibedtfom BOYgY amsigen aop@m&ﬂﬁéldf PEwreoiftr ol valve to a

maxi mum setting. L ng?&gﬂ;é%m%ﬁmw% (3 Jeak0s deULNTAG - O (X MUl v e

difference in trans or the flow controller.
cal i bration progrtageoabe apsforaadatei dpeise fbregiaddent fap ‘{Ttaf@)e é’é’l i set

transmt tine dc!arfefrertﬁgcﬁglb&grta%%ts ) ﬁ@fsere%}ua%l@ﬂ aouil ebekimuidhidi spensed

(z) . Fromz an can e det ermned. n nth degree pol ynom al
representing thehecakibraeh orfagubgestored at the flow controller so that

the correction factor can be determined for a given flow
rate.

[0082] According to another embodiment of the present invention, a
flow control device can be quickly calibrated based on the
dynamic viscosity (p) and density (p) of a fluid or
kinematic viscosity (v=u/p) of the fluid. The flow control
device can also be calibrated based on just the dynamic
viscosity of the process fluid. Given a calibration flow
curve expressed as the n®® degree polynomial:

AP=ax’+bx [EQN. 11]

[0083] The coefficients of the calibration flow curve can be
adjusted according to the dynamic viscosity, the dynamic
viscosity and density or kinematic viscosity to yield the
corrected flow curve:

AP=2 0 X +bgorX [EQON. 121

[0084] The‘coefficients of equation 11 are corrected using
viscosity based correction factors. Turning first to
calibration using kinematic viscosity or dynamic viscosity
and density, the coefficients of the calibration flow curve

are adjusted as follows:
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for the flow controller can b e applied to xenp to determ ne a cal cul ated
time differential (Dtcaic) for that flowrate. The correction factor can b
e based owoth&/mneso of Dittest and Dtcalc . [0080] Thuspcaamsesdiongy4t 0 one
enbodi nent a fl ow device can b e directed to open a valve to produce a flow
rate such that a variable indicative of the flowrate, such as DP, P, Dt
or other variabl e indi eat+ae( of*f) oy)r at e Hagva t&st value (e.g., DPtestf
Ptestr Dttest)- The enpirigcal, f] ow ca et ermined for the flow for
atinme period. A cali g?ga‘:trl gnl cu venfg$§|3) qu togt]he enpirical flowto
determ ne a cal cul ated val ue for crhe varlable (e.g., DPcalc , Pcaic, Dtcalc
) . A correction factor for. l.i-br o] rv an then b edeterm ned
based on the t 3t val ue“én%j H:gl gl g&l@i Bedq\}}:gﬁuefo]? the variable " [0081]
In the exanpl es above, bthebt6rr€ot/icdn *EactEol rEAI-nd6¢onst ant. According to
ot her enbodi nents of the present invention, the correction factor can vary
with flowrate. In this case, the calibration programcan determ ne the

di f f er eritOiO&IS 1 presswer &0( DRt eBé, pngt Emarei pl‘ieccefrﬁmyr icoakeldovpr ateesabFes.

exanpl e, the Stvl%%BsP d@éﬁferi'a@ﬁﬁ h f&cd b Wer@gseen'%'i@tri[)g{@ JHtg%fe“d and
| ow end of the ow Fate Fa nge for the cont r ol er to give estl and

DPt est 2- 1 and & manibe Hetlerud Fodtf apmEQON Thestorf i ddPesk cdf e DPcal c2
for correspondi 09 grakibaaky &} QNLBL LS. afdneAL LdiinlaupveLdl teda be
performed to develop an equation for change in over the flowrates . This
equation, or theoxw@ebbircientar fanocehe gt Ope %WPCB@%Jttopédd%t‘feltO@énﬁl ow
controller so tha %@%nge@éﬁ%&a@eﬁ%ﬁ%@u@g deterypnedqf &1 & ginven flow
rate . [0082] According to another enbodi nent of the present invention, a
fl ow control demm@éﬁobewhm AKIGPREEI $ ¥t ed based on the dynamic

VISCOSItPOdQ@]) fgg%ﬁ%e%sﬁgya({gbfgzB%Ofgy'é&éﬂble data for deionized water
(“"DIW”), N1 (calibration oil), IPA (isopropyl alcohol), S3
(calibration oil) and 86 (calibration cil) of pressure
differential versus flow rate. For each fluid, table 800
provides dynamic viscosity p (see 802 for DIW), density p
(see 804 for DIW) a column of example pressure differential
values (column 806) and a column of corresponding example
flow rates (column 808). Table 2 shows the coefficients (a

th

and b) for an n"® degree polynomial, forced to zero, for

each fluid based on a curve fit.

TABLE 2 4
DIW N1 IPA s3 1)
a| .00434424 .00328734 .00373642 .00539565 .00930764
.05974385 .04960288 .013227327 .16791807 .29016565

[0087] Using the example coefficients in Table 3, the flow curve
for DIW can thus be expressed as:
AP=.00434424x%+.05984385x [EQN. 17]
It should be noted that the above coefficients were derived
using the Microsoft Excel “LINEST” function for a 2™ degree
polynomial based on the data in FIGURE 8. However, any

curve fitting scheme known in the art can be used.
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ki nematic viscosity (v=mp) of the fluid. The flow control device can also
be calibrated based on just the dynam c viscosity of the process fluid.

G ven a owbi2becaostn fl ow curve expressed as the nth degres/ysedognestunl :
DP=ax 2+bx [EQN. 11] [0083] The coefficients of the calibration flow curve
can be adjusted according to the dynam c viscosity, the dynam c viscosity
and densidgs pr pki- nem@tdGevibscosidpyi e, 0iyi et chdvheseoneectied filhewfturve: DP=a
corx2+bc rX [EQN. 12] ;0084] The coefficjents..of equatio re rrected
usi ng vi scosi t yUbaS et et efcgf%ﬁg%lﬁ%f%fﬁbc rYst B%&%h be%%ion

usi ng ki nemati ¢ivisCcHSidry aar dyoand eordescoséificirdtdensid¢ash phber
coefficients of the calibration flow curve. ar .U ) fQl. ; r =b*
(b* (v s E3)+EG}P ?’51%]&% CREEY S F? ﬁ%‘ﬁ“)feﬂag’%‘ggq[%%ﬁﬁigjg%“

bcor =b*(b*( (mMopYier 5o et} pEMN: IEIELLOO8D] athehe BOliDitiEd, fapd E1 are
viscosity correl ation variables. The viscqsjty correlaty factars are
essential ly a SEEV8f ot 5@?Foﬁrf%ﬁ%5?§a1%§? %%p yaﬁgathzn%)%%%?cﬁgﬁ?s of

t he cal i brati orahl bav Ciurivedt byadjustyiehéical ity dolonwitovespmte for a
particul ar process %Iyid. One enbodi ment of devel oping the viscosity
correl ation vartable% is di scussed bel ow in conjunction with FI GURES 8- 10.
[0086] FIGURE 8 is a table 800 of examplandaf’/a76é'6r deioni zed water ("DIW),
N | (calibration oil) , I'PA (isopropyl gkcqbqk%s S3 (calibration oil) and
S6 (calibration oil) of pressure diffefenttal versus flow rate. For each
fluid, table 800 provides dynam c viscosity m(see 802 for DIW , density p
(see 804 for DIW a col um of exanpleaggﬁé%g(§6@ifferential val ues (col um

806) and a colum of correspondi ng exanp
by1/bpm=2.2140

as3/aDIW=1 .240
bS3/bDIW=2 .7604

aS6/aDIW=2 .1425
bS6/bDIW=4 .8568

[0089] FIGURE 9 illustrates a plot and line fit of Bother/ @pw VEISUS
kinematic viscosity (v or u/p). As illustrated in FIGURE 9,
for the example data discussed above:

ammﬂ/amw=.l497v+.5159 [EQN. 18]

[0090] Returning to equations 13 and 15 above, the viscosity
correlation variables Dy and D; are, for this example,
respectively equal to .5159 and .1497.

[0091] FIGURE 10 illustrates a plot of bother/bpw Versus the square
root of kinematic viscosity (v:® or (u/p)°®). BAs illustrated
in FIGURE 6, for the example data provided:

Dother/bpry=1.8138v"> — 1.0848  [EQN. 19]
[0092] Thus in.equations 14 and 16 above, the viscosity correlation

variables E, and E; are, for this example, respectively

equal to -1.0848 and 1.8138.
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flow rates (colum 808) . Table 2 shows the coefficients (a and b ) for an
nth degree polynomal, forced to zero, for each fluid based on a curve fit.
TABLE 2 [WO0&Wdje/ddss7ng t he exanpl e coefficients in Tabl e ®cr/ush@shbsma curve
for DIWcan thus be expressed as: DP=.00434424x 2+.05984385x [EQN. 17] It
shoul d be noted that the above coefficients were derived using the

M crosofitoBRgel 1t' lshNEST " bé umﬂeidonhéﬂra@azndndega? emdpdloynboaval cdrased on the

data in Fl GURE ver fi.t.tin chere kno in the art can
be used.[0088] r”Hﬁ uijarl‘(% l%e e gl%{’)w ssﬁﬁe\é\mé%aq tE:\Le “Flrow
curve for DI W isyushescali dirlatn dmnélﬁwnmgvechéaeh of the first or der and

second fic of each_ ot her,.chem. cal fl ow curve can
di vi ded?hgsflllueqﬁle 88??%%1%355'[ %oFlg%rcall%slg%ﬁl ffo er-"ESef P enstcogfltyhe
calibration fl owmueliweion thuamtelaea:amaye amblned nara éldwvr:detirdo]y dabliv¥and
bot her can be djvi ded Id| n he fo £X le results :
bNL/ bDI W. 8308 ‘ﬁ'lgA/'aBE ‘%&i"xbsﬁ%ﬁg ye S AR e
bs6/ bDl W£4. 856% 41338 08 be R (BdRE1 9 ﬂ:m}stdeait esha pll d:thealedainphe ¢4 tFIGURE
aot her/aDl Wversu k| nerratlc Vi [ I ) As |II ted

% ld_éot a%ggﬁ écym % %8 can E)%%é&? log159

FIGURE 9 , for tHe exé P S cUS¥ad above: aot
[ EQN. 18] [ 0090CjorRetodr devngc& cBOecquaallms alasamdtQ&tatﬁl\g@;Let hlee vilsposi ty

fo 5150 and P To0ST FIGUHE-TE 1115t r SEoEtartet of SECpetteerentn

versus the squarfe theovrefeki newantu;om stdmsnlts?l(vals WU(cnﬁp)cin@)atiCA S

Illustrated viscosity or dynamic viscosity and density. Calibration

computer 200 or flow control device 30 apply the viscosity

correlation variables to determine corrected coefficients
for flow curve. The new flow curve, adjusted based on the
kinematic viscosity of the process fluid, can be stored at
flow control device 30 (e.g., by storing the corrected
coefficients of the n* degree polynomial). Flow control
device 30 can then determine the flow rate of a process
fluid using the corrected flow curve.

[0095] similarly, the manufacturing flow curve can be corrected
based on dynamic viscosity. In this case the viscosity
correlation variables are developed based on a curve fit of
dynamic viscosity rather than kinematic viscosity. Thus,
the corrected coefficients can be expressed as:

acor=a%* ( (1 *Dy) +Dg) [EQN. 20]
Door=b* (D* (0*°*Ey) +Eo)  [EQN. 21]

[00%6] FIGURE 11 illustrates a plot and line fit for ac.:/apm versus
dynamic viscosity. As illustrated in FIGURE 11, for the
example plot:

Aother/ 8pm=. 31521 +.6855 [EQN. 22]

[0097] Returning to equation 20 above, the viscosity correlation
variables Dy, and D, are, for this example, respectively
equal to .6855 and .3152. It can be noted that in FIGURE
11, certain fluids (e.g., S6) may lie off of the curve.
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in FIGURE 6 , for the exanple data provided: bother/bD w=l. 8138V 5 -
1.0848 [EQN. 19] [0092] Thus in. equations 14 and 16 above, the viscosity
correl at iwo v@vizesthes EO and E i are, for this exanpl e, pceapseasiorssdy equal
to -1.0848 and 1.8138.[0093] It should be noted that equations 18 and 19
above can be derived using any suitable Iine fitting method (e.g., |east
squares or ot hanekénesdt toings swdens)cher[ 0097 ctihedcortf i dicesusvef fithe
calibration fl ow Bgrl\:/ee”e%ded\/i scosity correlation variables can be stored in
a flow control “device {e g., flow control device 30) by the manufacturer, a
third ppr@¥ys br FISUBE he? viildespraveded plAtsand tine éxanpbe of./Fh@URE Bisabove,
a calibration nput er_ 200 can:b ect | ow_cC iee 30 to

al l ow a user t%%goﬁgtllagjﬂer elotoheofl %chag[{(}%t (r%%?go ejecl%e g% 82%%%I§Q%I ?ﬁAccordi ng
t o one enbodi NnENGUBE the furesbatexamdnt PdAt:t he user can input a kinematic

viscosity or dynam c v{Sscogit nd gﬁpsi;y_.llo%l FPRAti conmputer 200 or
fl ow control device 30£)°éifbl )}’“%hg'v?scosi ty corrél gti o%ﬂvari ables to
determ ne corrected coefficients for flow curve. The new fl ow curve,

adj uste d on the kinematic.ylSgosi of & Q) id,.+6aR be
stored ?€$§§WR§8H ror evir%ﬂelggf)&? Zﬁg%tb%%;e/’s%%% nl% % %?%oﬁ%& e&g
coefficients ofvarhebheéh RlegneeEpekynofmmalthis Frawprontieshedeiveley 30 can

t hen determ ne t%ﬁ;%?;\i .rﬁ?iﬁ ggda% Pizf%%e._siggﬁf,ibdtéésé ngihbe Gy eqtedsEl ow

curve. [0095] S the manufacturing w curve can be corrected
based on dynanmioE thscositey mavnethher desdarhersd sidysi theconyed dtitoar Pe

variables are devel apgd @@p%ﬁ@éﬁatﬁ% CfMembhEa Pl o flyNam en¥i B Ly cEat her

t han ki nematic viscosity corrected coefficients can be expressed
as: aQor=a*(( math, Ep*Dr DJUREEQN! 209 15’C®Tlaﬁbg€1b@3(atrﬁq—)uEi§lglE@)fl[CE’Q\l. 21]
[0096] FIGURE 11l Lystralfsng BRI 96 ARG bineobstifar iager/ alnbhwer sus

(.508 meter by .00160 meter) pressure drop coil.

[0100] FIGURE 13 is flow chart illustrating one embodiment of a
method for calibrating a flow device for a particular
process fluid. Embodiments of the present invention can be
implemented as software programming stored on a computer
readable medium (e.g., magnetic disk, optical disk, Flash
memory, RAM, ROM or other computer readable medium) that can
be executed by one or more processors running at the flow
control device and/or a calibration computer.

[0101] A calibration flow curve is loaded by, for example loading
coefficients of an n* degree polynomial corresponding (step
1102) and viscosity correlation variables. A user inputs
fluid parameters including, for example, kinematic
viscosity, dynamic viscosity, dynamic viscosity and density
(step 1104). The calibration flow curve is then adjusted
based on the viscosity of the process fluid (step 1106).
This can be done, for example, by applying the viscosity
correlation variables to the coefficients of the calibration
flow curve to yield a corrected flow curve. The corrected
flow curve is stored at the flow control device (step 1108)
so that the flow control device can use the corrected flow

curve to determine fluid flow rates. Additionally, the
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dynam c viscosity. A s illustrated in FIGURE 11, for the exanple plot:

aot her /aDi w=-3152m +. 6855 [EQN. 22] [0097] Returning to equation 20 above,
t he vi scosDt2gosos7el ati on variables DO and D i are, for pChivs2@sanyiie,
respectively equal to .6855 and .3152. It can be noted that in FIGURE 11,
certain fluids (e.g., S6) may lie off of the curve. These test points may

ei ther be factoredeichtd fher cunve it lor siferedj @ttdrk cROOB8ITIRIGURE 12

illustrates a pl nd Li it fo -\, vVersus. th e seat . of
dynam c vi scosinOpru%\eg %T In%s%er ;tthgdé?%%%tlaﬁgéwﬂ, 1?Lor thgl ggg?r%l e pl o%:~

bot her/ bDi w= 2.8843F mlot adnt4@z3efEEMulZBIEhRE00d3adetcdlibagte® dQwat i on 21
above, the viscggjt, rel atdgn vari aples apd Ekreq sf o4, t s exanpl e,
respectively eq%glitat%%g%4075 &nd 2. 343|8.e ASElBﬁ, test points tl}lat lie of f of
the curve may eiadseritebeas aptssiedd oirndesidwsl-curve fit or be rejected,

dependi 19189 11 TLRIRALALL O dre BBOULAL D SeReie] dabAdor ELAREIL and 12

was generated using ow contr ' aving a I nch by 63 1 nch inner
di aneter (.508 nrethed Byr. GOUBE yneR YT Prigws diev didpL4ssi [such0a90]loMl GURE 13

is flow chart i]lustratjng one epbadinent; of . a apthed. oL calidhrating a

flow device for a particular process fluid. Enbodinents of the present
i nvention can presempl énemmiedragldert haflevwpcogEardd §iy tot Bredibrly conput er

readabl e medi unaglerbg;ageaas&etai Gadk$Ka1 OPLI0RL 58 8Ki FlAShsyRrRr Y, wRAM ROV
or other computer readable nediunm) that can b e executed by one or nore

processors runriifgugseeher inagw oot efriefevifce ARel orOdT@aLPbBr at i on

conputer. [0101}, A cahkREaliondhaw sHEMed, S chBadathis JroEnexsmmletl oadi ng
coefficients of an nth degree pol ynom al corresponding (step 1102) and
vi scosity corr elmtandaovafrabte$PPALEd eFo iampufdor| eRF4edri&iet efe i ncl udi ng,

for example, KkingmBthCro quickly calibrate a flow controller allows for
flow controllers to be swapped out in a particular system
with minimum delay.

[0103] Additionally, once a correction factor, flow correction
and/or sensitivity factor is determined for a flow
controller in a system, it can be stored at, for example, a
calibration computer. If the flow controller is replaced
with a new flow controller of similar configuration in the
process system, the correction factor, flow correction
and/or sensitivity factor can be uploaded to the new flow
controller without having to perform the calibration

. process. This can allow for quick replacement of a flow
controller.

[0104] In the previously described embodiments, a manufacturing
flow curve is adjusted based on empirical tests or viscosity
correlation variables for a process fluid. According to
other embodiments of the present invention, empirical tests
can be performed to generate a second degree polynomial (or
other n**® degree polynomial) for a flow curve independent of
the manufacturing flow curve.

[0105] FIGURE 14 is a flow chart illustrating one embodiment of a
method of determining a flow curve for a flow device. It is

assumed, for purposes of FIGURE 14, that the flow controller
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viscosity, dynam c viscosity, dynam c viscosity and density (step 1104)

The calibration flow curve is then adjusted based on the viscosity of the
process fwoi2dogieoszp 1106) . This can be done, for exanplpel/usgooappdryi ng t he
viscosity correlation variables to the coefficients of the calibration flow
curve to yield a corrected flow curve. The corrected flow curve is stored
at the flow cortsr ohsteMisce ihstep LA08M so vhith tive wildwromtucolrdevi ce can
use the correcte | ow curve. etermne fluid.fl r dditionally,
t hecorrected fIsél\&/gvsféﬁrrl%]éacli’ngﬁﬁei%%orsédgpae@ t( 'eéj'c’alal Bcr%gEC| gingitohr?ptﬁt er so that
the corrected fdiowleteyeheanybeemploatddht ot arndwobPesatebnt ridlel eroshwul d

the al ready Cal%b%égﬁﬁﬂngg%ﬁoﬂérﬂg%%&F%%e&?Q%QQQgiigbgt§&§&&o%EaﬁlGRUE 13

can be repeat ed as neede desir 02] Enbodi nents of thé present
i nvention provi@ega, systidmagndn netdmthef 6¢) queTidipdc ahni Br it SnEoteal Vi ces

such as 11 ow matets cafid s of Low conkhal 6 sorihad! mas) sugl- Wi present

invention allow a f controller to be quick calibrated for a particular
process fluid avdmsypscaia wWikh eheli Skarssedtppiharily in terms of a flow

cont r ol 65 0 gontioLLLEG, fo A1l SPRES S B QESSSroRIDONIIRALS 0f  Lite daesent

invention canh be apptied to any flow controller. "The ability to quickly
calibrate a fl ewrdonred|iedegerpire figre Meghmen rdifderensis b BresSWaPped out

in a particul ar, sygt ﬁm&& td emenbum del ay e [ 9103], Addit £ONGEd JateONCBoA

correction factor, flow correction and/or sensitivity factor is determ ned
for a flow contytell @402 n Hhesystéhyatiore FopeastNVE ahe Tatverdnphe, a

calibration computetontfotng kbow copisiahhebpds sankacadryk th 8 Rew flow
controller of simlar configuration in the process system the correction

factor, flow carerderi oh &t ditikselfsidtinviey TGP BANCHRPUFIFEAGEF 1Y t he
new flow contraldiecWythold) Ravieng: &0 per bor sy tHee ealfrbiaht O pressure

of the fluid flow to stabilize and minimize startup and end-
of-dispense effects that can affect the total mass or volume
reading relative to the dispense time. The differential
between the pressure at the upstream pressure sensor and
downstream pressure when the valve is fully open is the
maximum differential pressure (APp.x). APnax represents the
maximum differential pressure that the flow controller is
expected to experience during operation.

[0107] If the pressure sensors of the flow controller have a
maximum pressure for which they are designed (a “maximum
operating pressure”), the configuration program can account
for this in the maximum differential pressure test by
setting the maximum differential pressure to a level that
will prevent the maximum operating pressure of a sensor from
being exceeded. As an example, if an upstream pressure
sensor has a maximum operating pressure of 30psi, but
opening the flow controller valve completely will cause the
pressure at the upstream pressure sensor to exceed 30 psi,
the configuration program can select a valve setting that
causes the pressure at the upstream pressure sensor to be
below 30 psi, say 28 psi. In this case, the configuration

program will monitor the upstream pressure and open the
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.process. This can allow for quick replacenment of a flow controller. [0104]
In the previously described enbodi nents, a manufacturing flow curve is

adj ust ed wa=ea/os7enpi ri cal tests or viscosity correl atipam/usasosabd7es for a
process fluid. According to other enbodi nents of the present invention,
enpirical tests can be perfornmed to generate a second degree polynom al (or
other nth degr ezelpel ymoi alhp fipsteedl pwesanye imcﬁépéhd@ntof@fﬂt he

manuf act uri ng fI o urve |,GJRE 14 fl.ow. chart, il lustrating
one enbodi nent Jhneéi1 %%%%g%e%:mqrfé Eg aT%?Sop\%vecsSr ve lgfi 2 #n | ow devi ce.

It is assuned, wth@n phle posdegeeh Fr@UREe14s £hmtl tdhe othew ReRRIUGE| eihst
installed in ”&% SY §t§é‘ié \ﬁhlaghtl'l% ik pﬁ@é&ﬂ d@fvﬁpé{ﬂ%tl' @b'%’ simlar
system (e.qg., ates at si nul ates t e systemin

operate) . The Theocéss QberlI@IGGURE Iurtdey Beti apranennedloy tealfrbr B¢ on
program (e.g., Gal Bg &@%t%ogmmlﬁa%)e ﬁ:ﬁﬁ'tdiggsd?[fé aebhowe contyrohber or a
conputer (e.g., calrbration conputer 202) that can comruni cate V\AtT‘l t he

fl ow control I erFOl[ e1o6) 1At theeponADuTragigaxPROGH A foRar B8Rt i Hie Fr&dBuRe test
can be perfor m%ﬁ]oholgﬁée&mb@eth@efwu%@ dhif es@ntdsabepressur e under which
the flow contr er Is expected to operate. For step 1402, the calibration
progr anl0pens tAre stabve4®f, msdtibbey wnitiobleFetts icps hﬁx@@ﬁﬁﬁr@ﬁénabom tion
for a first per LR (hp) | (Bedhraib@nrSe6onds Rk ALher A teatily
selected tine) ds(t#felg%?%né?stto g?s oW { he ld?[ffer enti al pflessure of the fluid
flow to stabil iiFe candosi ¥rasitzd %Ilaétt@ﬂﬁf@ﬁénéné@ilo%o§p’éh§eoléefi’-faéép§a%hat can
affect the total, IRS§:Ofn Y GhUIe4LSAH ne. el ahiye &R the1dispanse time. The
differential between the pressure at the upstream pressure sensor and
downst r eam pr e ighernadie -valhbex P8I H‘FEW lgpen /| ROWHETTERYnhfst AF
differential pressuce,(lPmep,, PREBX FLRITEE]BhS1d, hech@sl pum dif fanepti al

pressure that the flow controller is
used (APiestis APiestas APiest3) . The flow device can be

cdnfigured to produce a flow at each AP+ for a specified
test period of time (t;, tz, ts3), which may be the same or
different for each test. As described in conjunction with
FIGURE 6, the flow rate for an empirical test can measured
based on the amount of fluid dispensed (z) and the test
period of time. Thus,

Xempl= Zl/tl [EQN. 24]

Xemp2= Z2/ T2 [EQN. 25]
Kemp3= 23/ T3 [EQN. 26]

[0109] At step 1406, the calibration program can solve for the
coefficients of the flow curve using the empirical test
data. Using the example of a second degree polynomial to

represent the flow curve:

APtestl=AXemp12"'Bxempl"'C [EQN. 27]
APtest2=A~Xemp22"'Bxemp2+C [EQN. 28]
APtest3=Axemp3Z'I'Bxem};ﬁ"'C [EQN. 29]

[0110] Solving for C using EQN 29:
C= APrests—AXemps ~BXenps [EQN. 30]
[0111] Solving for B by placing C of EQN. 30 into EQN. 28:
B=( {APtest2—APrest3) / (Xempz~Xemp3) ) —A (Xemp2+Xemps) [EQN. 31]
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expected to experience during operation. [0107] If the pressure sensors of
the flow controller have a maxi num pressure for which they are designed (a
" maxi numwpen@taogyopr essure”) , the configuration prograoraseocaoesyant for
this in the maximumdifferential pressure test by setting the maxi num
differential pressure to a level that wll prevent the maximum operating
pressureodiza sensongfremmbeitngoexceededngACscohre@kanpl end i¥ cadnEQPst r eam
pressure senso%ohas a maxi mum operating pressure of 30psi, but opening the
flow controll ervalve conpletely will cause the pressure at the upstream

pr essure SenSO(A@ Ct)l -emeszgﬂ)”;nzo -pslmjﬁ)t—mﬁggrton-fmy{)aie!npqn‘:)“Qmppgr am can Sel ECt a
val ve SettlﬁgLrnaL causes the pressure ttre upstTeam pr esEidt-e 38énsor to
be bel ow 30 psi, say a@lpéwm &W@@ﬁl@wg Ser e ionflguratlon program wi | |
nonitor the upstream pressure and open thevalve until the upstream pressure
is 2 8rsi or other predetermined pressure limt. The pressure differenti al

when the upstream pressure is 28psi or other pressure limt can be sel ected

as the bk Ayum_pr r | ff.erenti J0 V. t her
Sot o it Frontrhr ST FhoCr o tev o8 T A 1o ot e thar s ons
percent age of DRwae, an@orﬂexaﬁpmeletH@KteﬁﬁﬂgumaﬂkehIeﬁegf%mﬂéem set the
maxi mum 1| ow AL bermf Dee1f kqowerfféee éa'?nattggﬁcﬁ'éé e £98, DRI #0010 8 1 A
t step 1404, tiple enpirical tests can e perforned at different test
DPs . AccordrngxmerehélewﬁﬁdMWenﬁt skaaelidl besnobrd ddirthié #ocated in a

di fferent regi neffakle&rﬂpgerﬂtorroearvé ange o tibe, fliaw deyire dif9-, near
the fully closed position,” near .5 DPmax and near DPna:.c ), homever any
test DP can be defegdniped %ﬁu?Q%aké0@$ Eadpl ebover et st TR AR USE BSed
(DPtestir DPt esé&fre@%&gﬁt@ctm% k| ow, deyi og fﬁ@ﬂtfﬂbl@.e@ioﬂgz' %%s‘b@c@i@é’uce a
flow at each DPtest for a speci fied test period of time (t , t3), which
my b e the sameedfigiehey ert ther meaetr ttedi nI AT SOW S ERhEH- ‘-Fr‘r @@njsr}ﬁi‘f{lr on

with in EQN. 8).

[0114] It should be noted that while a particular order for solving
for the coefficients is described above, the coefficients
can be determined using any methodology for solving for
coefficients. It should be further noted that additional
empirical tests can be performed to solve for higher order
polynomials or increase accuracy. Furthermore, if the curve
crosses through the zero intercept, only two empirical tests
need to be performed as C=0.

[0115] A flow device can include a calibration program that allows
for multiple methods of calibration. Thus, for example, a
calibration program can be configured to calibrate a flow
device using a single empirical test to derive a correction
factor, multiple empirical tests to derive a second order
polynomial as described in conjunction with FIGURE 14, or
viscosity correlation factors to calibrafe a device based on
the viscosity of a fluid. This can allow the flow control
device to be calibrated by a user using the user’s preferred
method. For example, a user that does not have the time or
inclination to run multiple empirical tests can employ a

single empirical test to develop a correction factor, while
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FIGURE 6 , the flowrate for an enpirical test can neasured based on the
anmount of fluid dispensed (z) and the test period of tinme. Thus, Xeapl-

ZI [t [ EQMO 28¢6/02p€2809] At step 1406, the calibration prognsoosans7spl ve for
the coefficients of the flow curve using the enpirical test data. Using the
exanpl e of a second degree polynomal to represent the flow curve: DPtest

i =AX enpi 2+Bxempti€r [{EQY ma27EmbRtest2 tidkenpd iZ+BXenmp2siG [tBQNev28)r

DPt est 3 =Axenp3 %g\%e 3&0&%9%%@%9&3%{0% Qf%fﬁ%%l tﬂglggrflgvy%hggeEq\l 2 9 :

C= DPtest3 -Ax°% V|ngfor y placing C
o f EQN[0B10] i miboEGentE &F tBs pr{{Rttesnt@nt DRt @Stlpﬁ)a/fl(wermztmhﬂsg ) A

gﬁg”gzgfeg‘a@ LED: 31%&1%’1“%% bgl'a f QL ghgfug%%%g gﬁ%rtgmgs%& grQN [0113]

At step 1408, tplﬁreceabldzmaiqn@ntprolgaraga,cahesabwtmtmewlérow curve and for
exanpl e, the maxinmumf| ow r f o i,ce n then use
m Q858" s 4 e ABKLCS: e lAundeylce rhe

theflowcurvej“fecon Ilng not e 1f a
manuf act uri ng fplroweesurwa?:‘a@t ptroﬂdwecl;orttlﬂr@lé@efdlremn@ld@s debey mldedsi a

equations 30- 32, aBove,, &a, b8 LEPLEsAN e Bar LALIRA Lo LagaLeFl, F2 and

F3 multiplied l§fy pectl ve coe ents o he manufacturi ng flow
curve (e.g., asraghowa FIPEQNNI8s) Ac{c@mﬁpmtommemboﬁmwsuhat fheivl e a

particul ar Ord%&v&%@ éé%A@éuﬁulckly calibrated simply using the kinematic

viscosity or dynamic viscosity and density of a fluid.
[0117] While the present invention has been described with

reference to particular embodiments, it should be understood
that the embodiments are illustrative and that the scope of
the invention is not limited to these embodiments. Many
variations, modifications, additions and improvements to the
embodiments described above are possible. It is
contemplated that these variations, modifications, additions

and improvements fall within the scope of the invention.
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for the coefficients is described above, the coefficients can be determ ned
usi ng any net hodol ogy for solving for coefficients. It should be further
not ed t hawoadaimosynal enpirical tests can be perforned toTaskas/otsral hi gher
order polynom als or increase accuracy. Furthernore, if the curve crosses
through the zero intercept, only two enpirical tests need to be perforned
as C:Clw@@ﬂﬁﬁﬂLBAEMDMKHEViCG can include a calibration programthat allows
for multiple, nmethods al i brati Thus,. fo ‘ j bration
program can be Jdoff bu? t SCArTBrate < aj?1k b gé?ggkh ﬁ% gI%smgle

enpi ri cal tesiodm:mh@r BVEl@w o lfé@udonhffmhorthenﬁlw ;ﬂe@l@nfpﬁmﬂaﬂt fests to
derive 8. second;nder. ol yogl 8l,as. desell bed 41k c0REUNCtLAR Yhthe FI GRE
14, or V|scosfiy Cortelation fac ors to calibrate a eV|ce on the
viscosity of datéﬂmundngmnsezmqflazlaﬂowl@hela‘tleowfcb]m rﬁluldle\;fpceat@Sb‘e
calibrai llo% gig%,using the user's preferred nethod. For exanple, a user
that doBS hot have the time or inclination to run mul tiple enpirical tests
can enpl oy adst¢mnxauagparc@%ﬂuha§§ﬁ releevisrophe coryads éndiaeiiore of

whi | ean I r |1 le lop | ow
Curve | BRI ar Fe haba At GG T o arvs, TBITE]" Erbed hats of

t he present dﬂV@ﬁmmngngaﬁl@m¢¥?Qﬂhmw é@ﬁt@%ﬂha§ﬁdt@Hb%hQnHa§%lVai%ﬁxﬂﬁqarated i f
t he ups L rgam process conponents change, the flow controller
IS reco%%lgufﬁ%%' E@%g I's changed or other changes to the process system
or fIOM/contﬁeriﬁthm@ethﬁd@ﬁllhﬂﬁilapl6%@“&”5W€c@@§e%y§téﬁﬁtéo%%?Q£%9PIy
reconfigured.to acconmodate various flow ranges. According to other

enbodi ments, a flow device can be quickly calibrated sinply using the

ki nematic viscosity or dynam c viscosity and density of a fluid. [0117]

Wi l e the present,d rI‘a\é%RE!:lOé‘f has iheen desaidbedmpitbidpfrrersenty parkt i cul ar

enbodi nents, it should be under stood that the embodi ments are illustrative
and thapogh@pgﬂgypéagﬁor based on multiple test values determined over

multiple test periods of time.

3. The method of Claim 2, further comprising determining at
least one additional correction factor using at least one additional

test value.

4. The method of Claim 1, wherein the flow of fluid is
produced through the flow device using a process fluid different

than a calibration fluid used to develop the calibration curve.

5. The method of Claim 1, wherein the variable indicative of

flow rate is a pressure differential (AP).

6. The method of Claim 5, wherein the test value (APiest) 1s
approximately half of a maximum pressure differential (APp.) for the

flow control device.

7. The method of Claim 5, wherein the correction factor (F)
is the test value divided by the calculated value (APqic) such that

= APtest/ APcaic-
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the invention is not [imted to these enbodi nents. Many vari ati ons,

nodi fi cations, additions and i nprovenents to the enbodi nents descri bed
above arewpasaitbgy It is contenplated that these vari aPCOns2005/028741

nodi fications, additions and inprovenents fall within the scope of the
invention.WHAT IS CLAIMED IS 1 . A nethod for calibrating a flow device
conpri sing: produei mgthocﬁ | v cafaifl @i dmltdﬂeaugh‘ﬁtr@cifﬂwtdevi:@bits@ttilf-?at a
vari abl |nd| cati a flow : d_ha St -

det er mi T AG 2R & rr%ﬁ“f&c% Tow %a gﬂug‘f %)Egl% hg:nd f or%legfltggs% lp}glﬁlrhgccitlof tine;
determ mngp@omdhwl at ethev ghlgbfariarhélvar fabie bvndhe atdR&eGHORl ow rat e
based op & calibration curve and the enpirical flowrate; determning a
correctton C'}actor based on the test value and cal cul ated val ue; and
correcting the callbratlon fl ow curve based on the correction factor. 2 .

The method 0f. Ol @ldMdenob Wi NELiGORPrEslia, ABLELM MNN0 LB for T ecti on

factor based on ‘mil ti ple test values determ ned over nultiple test periods
of ti mecoBrectHde cpeffioel coftsClal n¥tee n°f Wekier eokprdndipAgatietes fileing at

| east Oﬁ la&ﬂ_l tional correction factor using at |east one additional test
val ue. The nethod of Caiml1 , wherein the flow of fluid is produced
through the flow device using a process fluid different than a calibration

fluid used toydevglop.they oot 'qué_a&l' @n EWMRr Bompd e dEhgdeofifdaiml |

wherein the variable indicative of owrate is a pressure differential (DP
) . 6 .ndhWessnstifduiby Q@iom 5F t%e’?léiwndﬁﬁéc% d§tS FalGEPPERt ddffe) s

appr oxi 5@&?&&’:: %Iag of pAedEinaym pressure differential (DPmax) for the flow
cont rol “devi ce. 'I%e met hod of Claim5 , wherein the correction factor

(F) is the test vaI ue divided by the cal cul ated val ue (DPcaic) such that
11. The method of Claim 1, further comprising suggesting a

new sensitivity factor if the flow device has a response time less

than a predefined time.

12. The method of Claim 1, wherein the variable indicative of

flow rate is a pressure.

13. The method of Claim 1, wherein the variable indicative of

flow rate is a time differential.

14. A computer program product comprising a set of computer
instructions stored on a computer readable medium, said set of
computer instructions comprising instructions executable by a
processor to:

determine one or more test values of a variable indicative of
a flow rate;

determine one or more calculated values for the variable
indicative of flow rate based on one or more empirical flow rates
and an n'® degree polynomial corresponding to a calibration curve;
and

determining one or more correction factors based on the one or
more calculated values and the one ox more test values for the

variable indicative of flow rate.
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F= DPtest/ DPcalc .8 . The nmethod of Claiml1 wherein correcting the
calibration flow curve further conprises nultiplying an nth degree

pol ynom avocoesarmesgrondi ng to the calibration flow curve IpgTiuseoosoes7ecti on
factor. 9 . The method of Caim@8 , further conprising storing corrected
coefficients for the nth degree polynom al at the flow device. 10. The
method of Caiml1 , further conprising suggesting a new sensitivi ty factor

if the flow devi has a esponsetlne reat er .t han predefin 11.
The net hod o?gd al fof“p’rlﬁﬁjt Her’9¢hpr t sclglngC suggyésjfm 1 ag"ﬁ%\l/ve%neﬁ%l SiVity
factor bof ctdfr@uftlemwidewmﬂws aurgsporsepti se Jlrwguthanna greedebbhedta i ne.

12. The Claim V\/nerel n _t g i rate i s
a press %rechj THE Oltrﬁor(? & arm t}%c\sfé\ﬁg%gﬂleﬁ hﬂg%g % e |nd%g\é\%| ve of
fl ow r atkow scantiroiedelvider ential . 14. A conputer program product conpri sing
a set of computer instructions stored on a conputer readable nedium said
set of conputer instructions conprising instructions executable by a

processor tolédetBraricogmponer grragoea pesiuctalafeSlaimal dvamhabeen it cati ve of

a flow f%t&gpdﬁ er a1, 0e.. o 4 ! B8, &al gt ed i’r?s!ﬂi%%tﬁ&;\? the yaLhab! e

i ndi cat r've ow rate on one or re enpirica ow rates and an
nt h degtee pol ynom al correspondl ng to a calibration curve; and determ ning

one or mor e goLertiqn Jaghors hased 09: the. gre DS Galgulat ed val ues

and the one or test va ues for the variable i'ndicative of flow
rate. 15. Themehmlhereaphogfathqnm@éé@cmn’@ éwrnamleWi‘erO@lenOlfh‘@h%é?tneof

conput ef,, i pstd %&Jrgeaéﬂ#rf&% rSOPPT ISR dRet FYELdans exeert g stoaghore the
one or nore correction factors in a menory | ocation at a
store the corrected coefficients in a memory location at a

flow control device.

17. The computer program product of Claim 14, wherein the

variable indicative of flow rate 1s a pressure differential (AP).

18. The computer program product of Claim 17, wherein a test
value (APiest) Of the one or more test values is approximately half

of a maximum pressure differential (APm.y) for a flow control device.

19. The computer program product of Claim 18, wherein each
correction factor (F) of the one or more correction factors is a
test value of the one or more test values divided by a calculated

value (APgcic.) of the one or more calculated values such that F=

APtest / APcalc .

20. The computer program product of Claim 14, wherein the

variable indicative of flow rate is a pressure.

21. The computer program product of Claim 14, wherein the

variable indicative of flow rate is a time differential.
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fl ow control device. 16. The conputer program product of C aim 14, wherein
the set of conputer instructions further conprise instructions executable
to: | oad woets/ds7eoef ficients for the nth degree pol ynearaispoosobszispl y each
of the coefficients by at |east one of the one or nore correction factors
to generate corrected coefficients; and store the corrected coefficients in
a nenory | ocati onrrad cambliow: qmﬁg@m devigs. ok7clThe I‘/D[r’rmm'&eéilpr‘ﬂ@ﬁ’ a;rm

pr oduct 9 m 14, wherein e variabl e indi cattl vetof | ow ra ﬁl

pressur 8 d??r‘fpéjrt@ﬁt FEFU(LHF;J)OHS B e “CORPUT or b Eyram pr oduict” al m 17,
wher ei ndatégsinevahyeté DPtwedtue dhsé¢heoromenepr mrasureskenval ues i s
approximately half of a maxi num pressure differential (DPmax) for a flow
control device. 19. The conputer program product of C aim 18, wherein each
correction fastorrid)cooputhe w@ermem pno@l@nrotfectth@n factaeseis thd estt val ue

of theoeor re.test val ues .di vi ded alc : of
t he one®6r “HTe e5all %Ctdl YAl ngsft%eu]f:hco a? % ﬂ %)%cig? O&E@%@#ﬁ%he
conput ep pewgsrea:mllmrmdtmtfaﬁto@ aifna 141 owlderera liléh% walelsabhee itidiecat i ve of

flowrate i ressu h nputer program product of Caim 14,
wher ei ngifﬁeéevlart?laﬁl e #Eeddec%alt |e§e%l QT lowrate is a tine differential.22. The

conmput er program product of C aim 14, wherein the set of conputer

| NSEUCLT OnS LUl LIR! COURLLS S ISLEUEELANS: eeeutan] £ | Qulebermige dhe test

val ue based on sensor conput er program product of
d ai m 14f etrersier tthetsettisinsconptber dompriaetiorsrufapioher teclgheirgéne

I nstr UCEI 9@% ge%sq%rlgﬁg%l nf)acacor}e\ﬁlfsgnfiév& ﬂe‘%ﬁcéaﬁégra Les@oflgé)v\fﬂ%v'lggshas a

response tine greater than a predefined tine. . e conputer program
product tbenG mnﬁdMlHMetﬂémm the set of conput er instructions further
conprise instructions to determne a new sensitivity factor if a flow

devi ce has a response tine |ess
25. The computer program product of Claim 14, wherein the set

of computer instructions further comprise instructions are further

executable to save a maximum flow rate for a flow device.

26. A flow device comprising:

a flow path;

an upstream pressure sensor upstream of a flow restriction in
the flow path;

a downstream pressure sensor downstream of the flow
restriction in the flow path;

a controller coupled to the. upstream pressure sensor and the
downstream pressure sensor to receive pressure measurements from the
upstream and downstream pressure sensor, the controller configured
to:

cause a valve to open for one or more test periods of
time to produce a flow of fluid through the flow device to generate
one or more test pressure differentials between the upstream
pressure sensor and downstream pressure Sensor;

determine one or more calculated pressure differentials
based on an empirical flow rate for each test period of time and an

n'™ degree polynomial corresponding to a calibration flow curve; and
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than a predefined tine. 25. The conputer program product of C aim 14,
wherein the set of conputer instructions further conprise instructions are
further ewecutshbssoto save a maximumflow rate for a fl eaTdseese2s726. A

fl ow device conprising: a flow path; an upstream pressure sensor upstream
of a flowrestriction in the flow path; a downstream pressure sensor
downstream of thegéhomideeshei 6t imird rRotrbectlaw Matbysaucont rakl ens coupl ed
to the. upstream pressure sensqQr_and the. downstream pressure sensor to
recei veRPre St ABRS BHETENE S g?%ﬁ%&ﬂﬂglﬁbit?% MRN8~ dBWhSt Feamt - pr essur e
sensor, gt he-:conteokl er configured to: cause a valve to open for one or nore
test periods of tinme to produce a flow of fluid through the flow device to
generate one or nore test pressure differentials between the upstream
pressure sengor amd downstseam pifesiaire IpnsberedetEraricoetonklar irrore

cal cul ated pressure gifferentials based on an enpirical flow rate for each
test pe Fﬁﬁﬁﬁfopﬁﬁﬁb fid%n nth degree pol ynonial corresponding to a
calibration flow eauye;ttendgéneriat efudlg opemore correction factors using

the one or nore cglcul ated p&%ﬁ%ﬁ%ﬁ \%e%fs,ﬁ{c&”cﬁi]ff’%egiifﬂrgnagnﬁoxorth%‘)ﬁo&veSt

pressure differen Fars "7, evice o 6, wherein the
control bevides, fameit her operable to: cause the valve to fully open; determ ne

a maxi mum pressurg, different Lgl 1%9& the Ekoﬁc’jb%%‘ﬂec%r_ ﬁ?f‘e whereln.Lhe. at
| east one of the oné or nore test pressure differentials is approximtely
hal f t heiffxteniiepsess A mbififierehy ifslf. tR8. nahignfl pwedeviece of C ai m 26,

wher i n{ g, contrgl ler is

28. The flow device of Claim 26, wherein the controller is
operable to multiply at least one of the one or more correction
factors by a set of coefficients for the n®™ degree polynomial to
generate a set of corrected coefficients and store the corrected

coefficients in a memory location.

29. The flow device of Claim 28, wherein the controller is
further operable to regulate fluid flow through the flow device

using the corrected coefficients.

30. The flow device of Claim 26, wherein the controller is
further operable to determine each of the one or more empirical flow

rates using an input volume and a corresponding test period of time.

31. The flow device of Claim 26, wherein the controller is
further operable to:

determine a response time for the flow device; and

if the response time is greater than a specified time,

generate a new sensitivity factor.
32. The flow device of Claim 26, wherein the controller is

further operable to:

determine a response time for the flow device; and
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operable to nultiply at | east one of the one or nore correction factors by
a set of coefficients for the nth degree polynomal to generate a set of
corr ect edwoaeddiies7ent s and store the corrected coeffici eatraseovsa2smenory

| ocation. 29. The fl ow device of Claim28, wherein the controller is
further operable to regulate fluid flow through the flow device using the

corrected cogf il eatson30.+ikhe | ous dexice 20k p&had 26 i me Whereimcthe
controller is further operable to determ ne each of the one or nore

enpi ri cad" fIBwLFat &8Y UsiHt§Tan i nput vol une and a correspondi ng test period
of time. 31. The flow device of Claim26 , wherein the controller is
further operable to: determ ne_a response tinme for the flow device; and if

the response’ti mé* FELHPEatYr AR At Sed fJflELé’H TP WS GERBrATE S new
sensitivity fagdolg a32et The ddcawidewhee Mfr Ghahth a6gradheraiyaohhel control | er

is further operable to: determne a response tinme.for the flaw device,
andi f t FRFYEEPEASBIt T i Fé&t{%ﬁ:%"gpg%ﬂ? &gﬁﬁkﬁﬁtlﬁé@”&\tﬁé a new
sensitivity teetedtind3thé dmeifradikots cat ideaktefgon ddedWidéynte eoiwpr i Si ng:

| oading a set of coefficients for nt.h _degree pol ynon al . caorresponding to
a cal i bP&atk V&ﬁlc%ﬂf%rogaacQF?B?%? iaigiﬁllfil Ef’dggnecloarpclge tFhy ?%éjoé%gf;?m

rcrents
of the seirmifcieaekf Fei enterbasedd arf” tdwyreies positamiefl dopr ticessrddesisd t o
genera';? a.c}s.et of corrected coefficients for a corrected nth degree

pol ynom 8+%0P™he process fluid; and storing the corrected coefficients in
a nenory | ocatéoihg 34e Theremtdbdoefftanhs33n whesmginy doceetdnrng t he
coefficients of the set of coefficients based on the viscosity of a process
fluid further conprises applying one or nore viscosity correlation

vari abl es to3eacirizoekthoilent dleigeddr atferzicorpespondiongheorrect ed

COEffICEgg%ficients of the set of coefficients based on the wviscosity of a
process fluid further comprises applying one or more viscosity
correlation variables to each coefficient to generate a

corresponding corrected coefficient.

35. The method of Claim 33, wherein:

correcting the coefficients of the set of coefficients based
on the viscosity of a process fluid to generate a corrected nth
degree polynomial for the process fluid further comprises:

for a first coefficient a, generating a first corrected
coefficient acr according to ager=a* ((v*D;)+Dg), where a is a second
order coefficient, v is a kinematic viscosity of the process fluid,
D; is a first viscosity correlation variable, and Dy is a second
viscosity correlation variable; and

for a second coefficient b, generating a second corrected
coefficient according to Deoor=b* (b* ( (V) "°*E,) +E;), where b is a first
order coefficient, v is the kinematic viscosity of the process
fluid, E; is a third viscosity correlation variablé, and E; is a

fourth viscosity correlation variable.
36. The method of Claim 35, wherein D; and Dy are derived from

a curve fit of a set of second order coefficients divided by a

versus the kinematic viscosity of the process fluid.
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35. The nethod of C aim 33, wherein: correcting the coefficients of the set
of coefficients based on the viscosity of a process fluid to generate a
corr ect edwotznoeiegs7ee pol ynomi al for the process fluid fecrhseosonyri ses:
for a first coefficient a , generating a first corrected coefficient acor
according to acor=a* ((v*Di) +D0), where a is a second order coefficient, v
is a kinematic viscosity of the process fluid, DL is a first viscosity

correl ation vari ay|enandq0r i§ AnS86ONEhi36081 tahcor relatlenyyarial e;
and for a second coefficient b, generating a second corrected coefficient

accor di agcehdeit=pE 7 prel @F) figs® PRderopochfittieysi §1ul4ed &ty &r ggFsus

coef fi CLeAtgqukreS rbBE & NEMALE GeMi SCOSIikY00f + § her RhacEsscdddiduik.i is a
third viscosity correlation variable, and EO 1s a fourth viscosity
correlation variable. 36. The nethod of Claim35, wherein Di and DO are

derived froma, cufpee nleicho8f o Salimok3sepander.der coefficients divided by a
versus the kinematic vi scos%%;f/ of the process fluid.37. The method of Caim
35, wherein ECFrefid- N0 thPeCoRiFEGREF ot FCuseE PTtCUFETACd8REDHIPFISSt or der
coef fi cbgntise dijicdedePYod V@rsUsSst e SQUAbEgERDtat}f at BerkiAeyBEFE Vi scosity
of the process fluid, 38. The nethod of C aim 33, wherein: correcting the

coef fi cPeRfEe dPlvhemsadt T &86f PYRFSit S1HaSet oS hEWELTTty of a process

fluid to genepate @i:Gereectetbinth degsessaliygon alrforcditecpea@cess fluid
further cor?,ri,ses: for_a first coefficient 29 Dgenerati 9.2 first corrected
coef fi cFRRETHOGP tatenr Hi TR H89atdrasa2( (( (¢ p) ﬂtﬁ%oﬁg,rwﬁeﬁé &is a
second gegetd caefkli ebenticidnits a dynaniyhamiscossidosiel bhetipsr qeessskluid, p
is a density of .the process fI%L]d, Di is i firsﬁt viscosity correl ation
vari abl 8195 d DG Si & S°RTOh@ VI Ee RIS Eof BT At i BntVat i e VaRd T o a
second eeefdiLciient vhriagenerrsati ng ia sesetchd orirseet ety coefddleieah accor di ng
to bcor:bf,éﬁb]’; .((an1p) 5 *Ei) +EO0), where b is a first order coefficient, m
is the dyha ‘vi*§€osity of the process

for a second coefficient b, generating a second corrected
coefficient according to beo,=b* (b* ( (1/p) >*Ei) +Eq) , where b is a
first order coefficient, p is the dynamic viscosity of the process
fluid, p is the density of the process fluid, E; is a third
viscosity correlation variable, and E; is a fourth viscosity

correlation variable.

39. The method of Claim 33, wherein:

correcting the coefficients of the set of coefficients based
on the viscosity of a process fluid to generate a corrected n*
degree polynomial for the process fluid further comprises:

for a first coefficient a, generating a first corrected
coefficient ag,, according to ace:=a* (((u)*Dy)+Dg), where a is a second
order coefficient, p is a dynamic viscosity of the process fluid, D
is a first viscosity correlation variable, and Dy is a second
viscosity correlation variable; and

for a second coefficient b, generating a second corrected
coefficient according to bcu=b*(b*((p)5*E1)+Eo), where b is a first
order coefficient, u is the dynamic viscosity of the process fluid
E, is a third viscosity correlation variable, and E, is a fourth

viscosity correlation variable.
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fluid, pis the density of the process fluid, E1 is a third viscosity
correlation variable, and EO is a fourth viscosity correl ation vari able.
39. The meohoas/bs7Cl ai m 33, wherein: correcting the coefCiraiserss2871t he set
of coefficients based on the viscosity of a process fluid to generate a
corrected nth degree polynom al for the process fluid further conprises:
for a first coefficient a , generating a first corrected coefficient acor

according 0, RCOLEArbhLN \R o b0l o MIAY 302 L3180, SRA0RM-OF AT £QELLT Ci ent,
mis a dynam c viscosity of e process fluid, Dl is a“first viscosity
corr el atomgrivanipabl eet afd cBOPiten igetondt vt gdicrgdcor rel WPeRevar i abl e;
and for n Figjent bo¢ &3@%@@9& A R8eend cosiached spefficient
accordi%%‘c?a;%ﬁ%coreggﬁ'( b@{e( %r’r) = EO) , vvhsere bis afirst orde?

coef fi cpertgssmri ot he dynam ¢ viscosity of the process fluid E1 is a third

viscosity cojrelatin ggrééggf%ciéﬂgsggni%nanhogégbeyi§6¥§ﬂoﬁ¥a§orrelatiOn

vari abl e. 40. A conputer program product for calibrating a flow device
conpri stpresroading ERMpIReAPFABIPUCEAS stored on a conputer readabl e

medi um the $g150f LQMBYtEl idstiuchipns@xacytabliemdy. a processor to: |oad
a set of coefficients for an nth degree polynom al corresponding to a

cal i bration teesdse [pFadnBuseindcalise isithF COSEFEI a i DPLPSRFabT 88/ r ecei ve
an input indigatd NY &eVis€08t tdhetfiai Pacessehl bh dinLHtest +hecsatyof
coefficients based on the set of viscosity correlation variahles and store
a set ofo¥kAladdradvestitias enflsstame aTREtcOhptR & PFrEgFaRt Prodatt - of daim
40, wherein the input includes a dynam c viscosity (m) of the process

fluid and a density (p) of the process fl uid. 4%.,The comput er 1ﬁ{ogram
product of Chai mTE GRRBHEPH RIRITEB PBIIUTnPdt 21 RsttultroRs™ fiutt her

conpri senphistiieatiienss exptiablesé®ity (n) of the process fluid and a
density (p) of the process fluid.

42. The computer program product of Claim 41, wherein the set
of computer instructions further comprise instructions executable
to:

for a first coefficient a, generate a first corrected
coefficient ag,, according to agr=a* (((u/p)*D1)+Dy), where a is a
second order coefficient, D; is a first viscosity correlation
variable, and D, is a second viscosity correlation variable; and

for a second coefficient b, generate a second corrected
coefficient according t0. beor=b* (b* ( (1/p) °*E1) +Eo) , where b is a
first order coefficient, E; is a third viscosity correlation

variable, and E; is a fourth viscosity correlation variable.

43, The computer program product of Claim 40, wherein the

input includes a kinematic viscosity (v) of the process fluid.

44, The computer program prdduct of Claim 43, wherein the set
of computer instructions further comprise instructions executable
to:

for a first coefficient a, generate a first corrected

coefficient agyy according to acer=a* (((v)*Di1)+Dy), where a is a second
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for a first coefficient a , generate a first corrected coefficient acor
according to acor=a* (((mp) *Di) +D0), where a is a second order

coeffici emD,20@9/G20878 a first viscosity correl ation vari alpcejusasnd/ob¥4i s a
second viscosity correlation variable; and for a second coefficient b ,
generate a second corrected coefficient according to. bcor=b* (b* ((mp) 5
*Ei ) +EB)demherefbecisn@ fO;rs¢ oridestcoefddsitentprEdlisica vhirtdbd seosity

correla)lon varlabl ..and EO is a f |ty rrel ation vari abl e.
43. The tonpit &F “prlogram pr od Cs% eflgéli&p yéi%%%'% wher %%g the input includes a

ki nemati c vi $cos tagcponp o@efmmcéssgéﬂaﬂade 44seTrel corpace?d program
product of . d ai.m 43, Wherel ot he Setqaf (GprpHer j nstrygtions furt her

conpri sé instructi ons execut ab#?%’r for a fi rst °Coefficient a , generate a
first coirsctedecoebéftiwmntachs l@c@otmﬁ@ e casdErazoyygh@tiomi ) +DO0),

wher e avaél dlseggaﬂa%d%r gog&&f{ﬂ &AL oo Pl d St ki b8 o iRoASKE Y, correl ation

vari abl e, second Vi scosity correlation variable; and for a
second coeff|C|ent b, generate a second corrected coefficient according to

beor=b* (b* (Ev) ﬁ;eEé“)ogtFQ{er%g%aR b%@héﬂ L3t cOEHEr 1 £ 08MkEl £Nne EL is a

third viscosity corr ion variable, and EO is a fourth vij scosity

corr el athpwt Viardlagee. a 4ynafie Eéﬁ@@ﬂﬂéry progP A ddecessf ftid-m 40, wherein
the input includes a dynam c viscosity (m) of the process fluid. 46. The
conmput er program product of O aim43, wherein the set of conputer

i nstruct i ons4fur tHer COBRBEFS TIEEFUBEPHHE OfebleHbl 1 d“heffﬁ%natqu 1St

coef fi Cb@”&or@putegeﬁlﬁéé@@cﬁc;ﬂ r $hrERdF %‘in@gl§@eifrf5!&|u%ﬂﬁoﬁ§oéxéiﬁﬂ:@b@é ng to
acor=a* ((( Di)+D0) , where a is a second order coefficient, DL is a

first vit§COS| ty correlation variable, and DO is a second viscosity

correl ation yggi @bﬁ%sta@@!efﬁicﬁr&e%onge tfel i @mt:s@ cogeneeate a second
corrected coefficient according to bco g%g )-5*Ei) +EO), where b
‘?t'y

is a ficeefbrdantcetfRETERINIELO| JeonT at Hl t(d“)\/l WRGEF et atd 6n

second order coefficient, D; is a first viscosity correlation
variable, and D, is a second viscosity correlation variable; and
for a second coefficient b, generate a second corrected
coefficient according to bee=b* (b* (( 1) >*E;1)+Eq), where b is a
first order coefficient, E; is a third viscosity correlation

variable, and E, is a fourth viscosity correlation variable.

47. A flow device having a controller comprising:

a computer readable medium storing a calibration program; and

a processor to access and execute the calibration program, the
controller operable to:

load a set of coefficients for an n*® degree polynomial
corresponding to a calibration curve for a calibration fluid; and

correct the coefficients of the set of coefficients based on
the viscosity of a process fluld to generate a set of corrected
coefficients for a corrected n* degree polynomial for the process
fluid;

store the corrected coefficients in a memory location.

48. The flow device of Claim 47, wherein correcting the

coefficients of the set of coefficients based on the viscosity of a
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variable, and EO is a fourth viscosity correlation variable. 47. A flow
devi ce having a controller conprising: a conputer readable nediumstoring a
cal i br at iwo 2pscagosrn and a processor to access and execeCe/usb@so2874br ati on
program the controller operable to: |load a set of coefficients for an nth
degree polynom al corresponding to a calibration curve for a calibration
flui d; @andecer Fectd thetheef Ebpentss ebpihensetmeobrconefd iwisenssthased on the

viscosity of a.process.fluid to gener et._o cted coefficients
for a 6%%#5 F%&Q%tYF%ﬁ§§%83 g%lﬁﬁéﬁﬁaéﬁ% g?ﬁ?ﬁé%ﬁrggggééﬁ%tﬁ d; store the

cor r ectedreeepbhithe Merentad nermTiidiect i on. 48. The flow device of Caim
47, wherein correcting the coefficients of the set of coefficients based on
the viscosity of aprocess fluid further conprises applying one or nore

vi scosity cot? el aheofilyardeatilces of oCkaioh 40eefhérdignttheo cgeher ey as
corresggg%%&gecgggected coefficient. 49. The fl ow device of Caim47,

wherei n e controller is operable to: for a first coefficient a , generate
a first corréet ed fdoetfFeifaricigobr aaceediang & ofkedr €arrectvedl) +D0), where

als @ seeondander coRlblalfhte .l SaA(KINETBY) G ¥haos i of sbhendr ocess
fluid, Dl is a first viscosity correlation variable, and DO is a second
vi scosi eydeoracef it ¢antvari abl @; Kiafmafor wleesdnd edetht Giamesh flgkherate a
second gorect ed goefiticlent accQuidi gyt NeRizb*addp, ({¥)a SELLEED), where
bis afirst order coefficient, v is the kinematic viscosity of the process
fluid, ElsGasigyt APrErIAtdeasVayiavraePaEi on variable, and EO is a fourth

viscosity coggelatd-0Bnyardadiedenf. b Ieddrawecodd e odbedal m 47,
wherein the controller is operable to tTor first coefficient a , generate

.CO . L9, a . :
a firstcedifisdeay eeetidieRent Bred dBEoi U g™t 5T alcoB&re(P(H B 8455 +D0)
where A5+F @ coefficient, v is the kinematic viscosity of the process

fluid, E; is a third viscosity correlation variable, and Eq is a

fourth viscosity correlation variable.

50. The flow controller of Claim 47, wherein the controller
is operable to

for a first coefficient a, generate a first corrected
coefficient acr according to acge=a* ({(u/p)*D1)+Dy), where a is a
second order coefficient, p is a dynamic Viscosity of the process
fluid, p is a density of the process fluid, D; is a first viscosity
correlation variable, and Dy is a second viscosity correlation
variable; and

for a second coefficient b, generate a second corrected
coefficient according to beo,=b* (b* ((u/p) **E;)+Eq) , where b is a
first order coefficient, p is the dynamic viscosity of the process
fluid, p is the density of the process fluid, E; is a third
viscosity correlation variable, and E, is a fourth viscosity

correlation variable.

51. The flow controller of Claim 47, wherein the controller
is operable to
for a first coefficient a, generate a first corrected

coefficient agy according to ace=a* ({ (1) *D;)+Dy), where a is a second
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second order coefficient, mis a dynam c viscosity of the process fluid, p
is a density of the process fluid, DL is a first viscosity correlation

vari abl e,wandod®0878 a second vi scosity correl ation vari ablrajs2asad2§7er a
second coefficient b , generate a second corrected coefficient according to
bcor=b* (b* ((mp) 5*Ei) +EO), where b is a first order coefficient, mis

t he dynamer vbsgosiigntof pt he pragesscf vusdysigyi ot hles datvsiesy 6fuiche Iprocess
fluid, El is.a third vi.scosit rel ati vari.ahl g, :an i.s;a fourth

vi sco. sity %&%?él%%?%or?l\sfgr ?%Jb eel.caocrgf% %lei)%loe\?(’/ Caglg't rﬁlblll%er9 gr%)c%ﬁai m 47,

wher ei wism@sdont cotteatiionoperidille it enflor a first coefficient a , generate

a first corrgcted I Gl eIl c L0919 acQhFat.££ddn4 D1) +DO) ,
where a is agoslecaoﬁ%grggér@dce%f:?gﬁén@ Eg}%{n%r@ aynam' C Vi SCOS| ty of the
processcddfifiiiedt dscardingstoitechsi(by (Cor T ElatFon var Fadfe,b afd®D is a
second ¥ ,8G031 LY, COLI A ALAR, VariAlke: agnthiOri3c86c0nhCaRLS bebents b .
generate ‘a second corrected coefficient”according to bcor-b* (b* ((m)
5*Ej ) +E0)id.wheris tp ithigdfy¥stosdtderoreratiioneritriaRliss £RE Byré&nfc

vi scosi ty,.0f, the pL $Shbyi €y oEL a8 a1t hird viscosity correlation
vari abl e,u and EgC?slggff oﬁrt h inLoscos?i t? correlation variable. 52. A nethod

for calibrating a flow control device, conprising: producing a flow of

fluid throughythe fl-eWoderd£ea39ntBaind &vaibabkenddi cative, of a flowrate
of the fluid has a set of test values; determning an enpirical flowrate

for eackonmmsitsivglue of the set of test values; deternmining a set of

coef fici ent spfouyamgnhhs degraze sak ¥ nei Algnushegridie &6t cef sé egtatval ues and
enpirical flow rates. 53. The nethod of C aim 52, wherein the nttgséjegree

pol ynonvatigdes igdeerit Wegied pHWHGHEapt the fluid has a set of

values;

determining an empirical flow rate for each test value of the
set of test wvalues;

determining a set of coefficients for an n*™® degree polynomial

using the set of test values and empirical flow rates.

53. The method of Claim 52, wherein the n*" degree polynomial

is a second degree polynomial.

54. The method of Claim 53, wherein producing a flow of fluid
through a flow device so that the variable indicative of flow rate
has a set of test values further comprises producing a flow of fluid

to generate at least two test values.

55. The method of Claim 53, further comprising using the set

of coefficients in regulating flow of £fluid through the flow device.

56. A computer program product comprising a set of computer
instructions stored on a computer readable medium, the set of
computer instructions comprising instructions executable to:

cause a flow device to produce a flow of fluid through the
flow device so that a variable indicative of a flow rate of the

fluid has a set of test wvalues;
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54. The nethod of C aim 53, wherein producing a flow of fluid through a

fl ow device so that the variable indicative of flowrate has a set of test
val ues f uwoOhess/asTpri ses producing a flow of fluid to gecenst@sabs7ueast two
test values. 55. The nethod of Caim53, further conprising using the set
of coefficients in regulating flow of fluid through the flow device. 56. A
conput er pr oggaammimedeact exoinprdadi Agow sate dhreoaputtarsti mestvractd dis stored
on a coqu%%rt%%%dag£€%gediun1 the set of conputer instructions conprising
i nstructions executable to: cause a flow device to produce a flow of fluid
t hrough t he d¢owrdewi eesso dharedfiaidntsl Eorndhcal’i yeowsfe actyeswrkat e of the

fluid has: @ 9GL QLe!estaal Yoendelaldtine, Alc ol cab Ll ow rate for each

test value of the set of test values; determne a set of coefficients for
an nth degree polynom al using the set of test values and enpirical flow

rates. s7. The C%“E@ﬁp@E@rﬁl@gﬁgﬂdﬂﬂc&%L@t gfa;tll_ﬂéﬁ@’Sé’W%hgké‘iﬁ hgnikr degree

polynom al is a second degree polynomal. 58. The conputer program product
of C ai #eEEe EOAPRPSIAY jinst FAEPLOMSIERECDP EWI@ G -cause the fl ow device to
produce a flow of fluid through a flow device so that the variable
indicative of flowrate has at |east two test values. 59. The conputer
program prodB8t ofheCcampYE®: FUPSERBr PEGHITT SEnGLast mP t KemBEES 919

coef fi cignt.s,d heoukaddtgh1b! ew ofudd uind Ehspualyithech! owdrn ger16. A

fl ow device conprising: a flow path; an ugstrean1pressure sensor ugstream
r

of a flof{ Fesitd iterpeel it ey FEBIEDah TRt dbhidh statdant pr BediiPd1¥Ens

downst r eagy, of ; the &l oW Teastr iGbi ads4 Ratibesf ! ow path; a controller coupled
to the upstream pressure sensor and the downstream pressure sensor to

recei ve pressure neasurenments fromthe
59. The computer program product of Claim 56, further

comprising using the set of coefficients in regulating flow of fluid

through the flow device.

60. A flow device comprising:

a flow path;

an upstream pressure sensor upstream of a flow restriction in
the flow path;

a downstream pressure sensor downstream of the flow
restriction in the flow path;

a controller coupled to the upstream pressure sensor and the
downstream pressure sensor to receive pressure measurements from the
upstream and downstream pressure sensor, the controller operable to:

cause a valve to open for a set of test periods of time
to produce a flow of fluid through the flow device to generate a set
of test pressure differentials between the upstream pressure sensor
and downstream pressure sensor;

determine an empirical flow rate for each test pressure
differential; and ‘

determine a set of coefficients for an n™ degree
polynomial using the set of test pressure differentials and

empirical flow rates.
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upstream and downstream pressure sensor, the controller operable to: cause
a valve to open for a set of test periods of tine to produce a flow of
fluid t hrwoghod/zes7hl ow device to generate a set of test PprASIEM28741
differentials between the upstream pressure sensor and downstream pressure
sensor; determne an enpirical flowrate for each test pressure

di fferenti al p1andrigettepm tevicsetf ofatoedd,i ehentsn fdre mrlnthlb@gﬁ@e
polynomal usi ng the. set of tes re r de]ig erent i al ?J\f r fl ow
rates. 617" The ngala%@ltcoe S IChg éésv%wﬁgr o e ggn?r ol t%rIlBL %?% her
oper abl pernoctzawfetme Malgﬁeleuatepem Yemstatw ewt tlreeeutest periods of tine
to gener %ﬁew tla st two test pressure differentials . 62. The fl ow device
of Clalm ereirn the controller is further operable to use the set of
coefficients in regulating flow of fluid through the flow device .

62. The flow device of Claim 60, wherein the controller is
further operable to use the set of coefficients in regulating flow

of fluid through the flow device.
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