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TRANSM TTER FOR PROVI DI NG A SI GNAL | NDI CATI VE OF FLOW THROUGH A

DI FFERENTI AL TRANSDUCER USI NG A SI MPLI FI ED PROCESS

BACKGROUND OF THE | NVENTI ON 5 The present invention deals with
a transmitteWO970428th the process control industry. More parR¢EUPF%AIRS the
present invention deals with a sinplified process, used in a
transmtter, for providi ng an out put signal i ndi cative of flow through
a differential producer. Tansm tters whi ch sense

vari ous characterrstr g e

known. Such tr argggg}%_ %g%ﬁgfgﬁ@g%#%gﬁg 9.‘51@ L*PF%%n’t\r al
pressure, l'ine pr éssure and tenperature of
the process fluid. Such 15 transmitters are typically nmounted in the
field of a refinery, or ot her process control I ndustry

I nstal | ati on. The field nDunted transnrtters are subject to
srgnrfrcant constraints on poBe PION transmitters

comfonl y_proyide an out pUt‘rHe”pEQEeFE’r{Hv?e%uo%fd@aﬁé'wl%ﬂta TR Saeat | ve
of the vari abI e, ﬁ&leag Sensed. tude of the current varr es

ma
bet ween racPﬁﬁc‘fQW%‘f 1(‘9855 sea{ﬂfreoi’,‘%’é%l?/‘é:\'?’éb\f
Therefore, t he curessnt dusienabioa ﬁeampewaﬂe a& sdmplifiéed qusaadder us%d ess

than 4 mA. 25 4, a tran%@t\é@¥ i ng &g[ud(s‘}tlr P TRHT 8t Gid S QR n

I ndustries such as process _contro and the petr eum
i ndustry is thr o’c@%l‘f?r"el‘(?sé’fofﬂd’é’dt@&'f’e‘ahf POW¥fere%%}P&u RFGUCSF-h devi ces
ei ther use s@parate pressWeansmittdifderentiithpressanseand xt@milemat ure

transmtters or &Q a&ale ensr 3% ﬁ&@ grﬁirrg) Qﬁoﬁggo%%r\hel arc%%&n% oasur es.

These devices aré genera chf ane
Addi tional ly, th&gowre oSlieh trm&edtt@%smlcallrm SRS amdze@asure

applications sucliggetdie {Ni t OFLNGRL, 1ine pressure (or static
pressure) and temperature of the process fluid. Such

is transmitters are typically mounted in the field of a

refinery, or other process control industry

installation. The field mcunted transmitters are

subject to significant constraints on power consumption.

Such transmitters commonly provide an output in the form

20 of a current representative of the variable being

sensed. The magnitude of the current varies between

4-20 mA as a function of the sensed process variable.
Thexrefore, the current available to operate the
transmitter is less than 4 mA.

25 One way in which flow computation is done in
industries such as the process control industry and the
petroleum industxy is through the use of dedicated flow
computers. Such devices either use separate pressure,
differential pressure zand temperature transmitters or

30 have sensing mechanisms housed in large enclosures.

. These devices are gererally large and consume more powexr
than 4 mA. 2Additicnally, they are often limited to uss
in spescialized aprlicatzions such as the monitorirng

QO
th
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hydr ocarbons for custody transfer or at well heads to noni tor the out put
of gas or oil wells. Anot her way in which flow conputation is
done is through the use of local control systenms, often 5 called

pr ogr ammabl e woepoessitrol lers (PLC). PLC s typi cal | y PEBES®AISRpuL S
from separate pressure, differential pressure and tenperature
transmtters and conpute the fl ow based on these inputs. Such devices
are often performng additional |ocal contyol tasks such 10 as the

cal cul ation of other variables required in the control of the plant or
the nonitori ng Ayd@acatsons famrdtadtady f orand e grir posesllhbadsalceul ation
of flow in %ﬁ%f WHE S Yl Egsgggoggagm NGePls t he user.

A third way in ow conputation’is done 15 is through the use of
| arge conputers whi ch cont¥arRer wWayi it ichhfd oWorPEAUERT R i SoPebut ed

control s]yst ens is thbotyh BEE Sué?pbﬁan#c.}c‘?flgr%@diﬂf&d@l wesget ensge offtenasks
ranging from recgjving_ inputs rom_ field-b ransmi s to
conputing the i n?%ﬁrf‘b%i gfr@g’p’g@'&%g%eZ O%Far F%F%@f&ﬁ% G{SE‘FSOW o%’ﬁ"re\‘?’el , to
sendi ng positiortygicallisi gredesivter finpitscorfirael clepadte sgofessmiresl ves,
to perform ng; £ Ao JIANI 108G s3Rd ghar BbhpachiQRs Hddul ddis andd! ant.
Because of the w de ran of tasgarqe?gw req and , t he typic el% hi gh cost
of DCS i nput/ out§RIPRHatS i H4P¥ 2RSSt Bt FRGRF CoMiTSar i ok Asvdess i s
common to do a famavoftencpepfrasinm addit ionadol occineensabddtdsks auchof t he

effects duey§o cCh@nghDI-RIOCESSI AP WE ldidSr variables requi¥dd QM Means
of neasuring flow rat e)al n the*éF grocess control indystry [s to neasure
the pressure dr dSFPRFOhcPEssthe t PRERt, & r FBBI JPHTFIHIS QE, RIASSSS
referred t 0 weriablidd dicentilalrmppodposesor Phe nealcwl st ofTiHd.ow
general equation { Ofh&id QivAldedd rk@Wrkat ;ragf%gbn@ vy tl fffnential
producer can be witten as: ) 97 _04}_l Eﬁ . ]

PCT/ US96/ 11515 A third way in whic ow computation is done

15 is through the use of large computers which control
entire plants, often called distributed control systems
(DCS). ©DCS’s typically perform a wide range of tasks
ranging from —zreceiving inputs from £field-based
transmitters to computing the intermediate process

20 variables such as flow or level, to sending positioning
signals to final control elements such as valves, to
performing the monitoring and alarm functions within the
plant. Because of the wide range of tasks required and
the typically high cost of DCS input/ocutput capability,

25 memory and computational time, it is common to do a flow
computation that is not compensated for all of the
effects due to changing process conditions.

One common means of measuring £flow rate in the
process control industry is to measure the pressure drop

30 across a fixed restriction in the pipe, often referred
to as a differential producer or primary element. The
general equation for calculating flow rate through a
differential producer can be written as:



- 3- Equation 1

[err] wher e Q= Mass flowrate (mass/unit time) 5

N = Units conversion factor (units vary) derr] Di schar ge
coefficient (dinmensionless) E Vel ocity of approach factor
(di nensi onl es 3O 97/04288 Y[err]= Gas expansion factor (PEIHSA&TISHS ess)
10 d = Bore of differential producer (Ilength) p
= Fluid density (mass/unit vol une) h = Differential pressure
(force/unit area) O the temrs in this expression, only the
units conversion factor, which is a constant, is sinple 15 to calculate.
The other terns are expressed by equations that raBgaatiem 1
relatively sinple to very conpl ex. Sonme of the expressions contain
many ternms and require the rai sPrg¥6sE E1foRE to non-integer powers.
This ‘is a conputationally intensive operation. 20 I n addi ti on,
it-is desirablet‘gh e the transmtter operate conpatibly wth as
many types of ITferential producers as possible. Inplenenting all of
the 'calculations and eqution¥asgaeflied rae (mgss/unit témeéntional flow

equation in ogder to determ ne fpgAMESconPeseiboEddiRdroyLAYts0iaPPf
differential producer (nuc _ less a plurality o Lfferent types of
differenti al producerl';g‘ll Feq%ﬁcg'éarcgoeﬁﬁ e?tfilgryﬁsn&h?‘éwwm%ép%e
reasonably performed by a p¥ oces¥etoght¥hohaaprrdraih factorcal cul ati on speed
and which is quite powerful. 30 (aGRenstiéaTess) sgch a processor results in

I ncreased power consunption,and nmenor.y require fs in the
transmitter. This is r{ethﬂq’?s RSB gg& QET?&%E%W r

WO 97/ 04288 10 d = Bore of differentd@El Pse&LE&51%length)
-4- p = Fluid density {mass/unit volume)
h = Differential pressure (force/unit area)

Of the texrms in this expression, only the
units conversion factor, which is a constant, is simple

15 to calculate. The other terms are expressed by
equations that range from relatively simple to very
complex. Some of the expressions contain many terms and
require the raising of numbers to non-integer powers.
This is a computationally intensive operation.

20 In addition, it is desirable to have the
transmitter operate compatibly with as many types of
differential producers as possible. Implementing all of
the calculations and equations needed for the
conventional flow equation in order to determine flow

25 based on the output of one differential producer ({(much
less a plurality of different types of differential
producers) requires computations which can only be
reasonably performed by a processor which has a high
calculation speed and which 1is quite powerful.

30 Operation of such a processor results in increased power
consumption and memory requirements in the transmitter.
This is highly undesirable given the 4 wmA power



constraint or conventional transmtters. Ther ef or e, current
transmtter-based m croprocessors, given the above power and nenory
constraints, sinply do not have the capability of performng the
calculations in any 5 reasonable time period. Ther ?’ g)een
some work dondVPATE8ai ni ng a sinplified discharge coef f’l’%ﬁ’@% 151
equati on. However , this is only one small part of the flow equation.
Even assumng the discharge coefficient is extrenely 10
sinmplified, inplenmenting the flow equation-&ccurately is still very
difficult given the constraints on current transm tter-based

ni croprocessors. constraint or gquenticBadt SRAFPITEET SnadeTR8TSFMFRi fy

t he entire fl (wmnat itransidweeerbabad omderopaoneksorhe Hived ovhe

equation sinple e e g #%%?EF &ﬁ&%erp&# %Irx% t6ds snnbﬂ}rt E?nﬁg?:tltxgw;e based

m Cr oprocessors, uat i on$ y not very

accurate.  For t e sapayidityomd sRRé?f-Wﬁgl fohed qarlﬁﬁléq?l}ﬁnisorﬂgl danyiot

account for the dlx%glgahgglgogﬁ,écp@ﬁodahers do not 20 account for
conpressibility, or V|sc03|%¥8eff

transnitter-based mcro %s’%"i‘ﬁ }%ﬁﬂ k-0 (‘-5’055\/\3?88 69 ?%Eéﬁnﬁ’ﬁgrﬁk | oop
sinply do not accuwimpdified| clilssharffeowoeRiindentt legpationpr ovHdeever put s
i ndi cative of di fft@ﬁ%n&g%npye&wrs%a&i paSEOSH e A eRaRlidhe. St&tic

| i ne pressure, and tenmperature. hese variahl es are provided to a flow
conputer in a contAEM™EBEm %%rﬂ‘r"tﬁf?dfgﬁbo@e Hgienti n i exFRemel y

cal cul ates fliow Himplifiedsi i faremttingr vee £3iomgequat bon dewurately £ ow
conputer. 30 still ve é@WYtCE:.\TEE tAVEMLSN-zints on curredt

transmtter provides an,ou i ndi cative of mass flow rate of

pu
fluid through a céidgemitte {"’l’ﬁ%gt‘wa“rﬁ‘?ﬂﬁqc&ss"ﬁ@l ‘udes a tenperature sensor

provi di ng a tenper at ur etbegratit emptisc haive cbexn fuadeal toespapdiifiyethe

WD 97/ 04288 entire flow equation. However,ng %ﬁ%@xljt%-ﬁnak the A
static pressure sensor provides a static gure bg | nd| catlve of
static pressur® i rf-lPH’ee(:IHﬁHﬁPP sﬂ“Ple enAuIe LAALT AF FRBd ei‘mﬁ}ﬁ%“?’a‘é%da

differential pressuretransmitter-based microprocessors, the simplified
flow equations are simply not wvery accurate. For
example, some such simplified flow equations do not
account for the discharge coefficient. Others do not
20 account for compressibility, or viscosity effects.
Therefore, common transmitter-based
microprocessors which are powered by the 4-20 mA loop
simply do not accurately calculate flow. Rather, they
provide outputs indicative of differential pressure
25 across the orifice plate, static line pressure, and
temperature. These variables are provided to a flow
computer in a control room as menticned above, which, in
turn, calculates flow. This is a significant processing
burden on the flow computer.
30 SUMMARY OF THE INVENTION
A transmitter provides an output signal
indicative of mass flow rate of fluid through a conduit.
The transmitter includes z temperature sensor providing
a temperature signal- indicative of fluid temperature.



signal. The transmitter also includes a controller 5 which provides the
out put signal indicative of nmass flow of the fluid through the conduit
based on a plurality of sinplified equations. BRI EF
DESCRI PTI ON OF THE DRAW NGS FIG 1 shows a transmtter
according to tHRIMY8yresent invention connected to a pipe wCHUDEAHIE! s
fluid therethrough. FIG 2 is a block diagram in partial
schematic formof the transmtter according to the present invention.
15 FIGS. 3A-3C graphically illustrate curve fit accuracy
for the discharge coeffijcient used by t he system according to the
present inventioft static pressure| esnsap ayeviBegr sphstatiy plrkastrate

curve fit awgsﬁqylﬁamaﬁwéléﬁ/ ét%@.(icaﬁﬁr%gh% iR 4Re JURRARL 2
i nventi on. diff LI lustrates the c eflt acuracy 0

the fermEd[err] use&re(%&?g RECEBCE RSP T RS & STSRE ial’ presture
FIG 6 graphical I3ign@lyst r Bhes trhpspdtverf also iramloudescyaokohbeolnsr

expansi on fadd or WS BEEH S [
FI GSD 7A and 7B éagg ﬁ idéé]&ggogtégui hrﬁgqael g&?&g%??gagfc]dnassyﬂ Y1 uid

density for 1iqui 53’5‘6’?‘@ § ?CFQW‘& oasre PRVRmiugRlity of
FI GS. 8A and 8B gﬂﬂmﬂn-(faleﬂyeuhbtlsbmate curve 30 fit accuracy of fluid

density for gas used accor Gf\GH SrecribPoR’ 85CPEE! ANARTL
DETAI LED DESCRI PTI ON OF THE_PREFER FIG 1 is
an illustration of a transhtttet £8°YS 3,CLEBPATAGLEE BRECEELR®NEC| Benti on.
Transmi tter 0 | present inkeneivH428Bnected to a pipe which conducts
PCT/ US96/ 11515  £1uid therethrough. - 6- coupled to a pipe
12 through pipe fitting or flange 14, Pi pe 12 conducts flow of a
fluid, either a gas or a FiC-|iquitf ih HO r SdAIERM. ndiBat BArB2akr r ow
16. schéman$mi tﬁoam of 0 the | ticdnshebt ter t BaBSHFELHE tD the
el ectronics nmodyh@sedf iﬁ{)g sor nodule 22 which col l ectively
house a transmtter rmrefuﬁ1 1ustrated. in FIG 2. Transm tter
accuracy for the discharge coefficient used by the
system according to the present invention.
FIGS. 4A and 4B graphically illustrate curve
fit accuracy of viscosity used according to the present

20 invention.

FIG. 5 illustrates the curve fit accuracy of
the term Ed?® used according to the present invention.

FIG. 6 graphically illustrates the curve fit
accuracy of the gas expansion factor used according to

25 the present invention.

FIGS. 7A and 7B graphically illustrate the
curve fit accuracy of fluid density for liquid used
according to the present invention.

FIGS. 8A and 8B graphically illustrate curve

30 fit accuracy of fluid demsity for gas used according to
the present invention.
DETATLED DESCRIPTION OF THE PREFERRED EMBODIMENTS

FIG. 1 is an illustration of a transmitter 10
according to the present invention. Transmitter 10 is



preferably includes a boss 20 for accepting an input froma resistive
tenperature device (RTD), preferably a 10 100 ohm RTD which is typically

inserted directly into the pipe or into a thernowell which is inserted
into the ﬁﬁge to measure the fluid tenperature. The wires from
the RTD are coMfR¥¥Wa% o one side of a termnal block in PCTUSHHLSET ur e

sensor housing 24. To the other side of 15 the termnal bl ock are

connected wires which run through an electricl conduit 26 and are
coupl ed to boss 20. Sensor mBdul e 22 includes a differenti al
pressure sensor and an absol ute pressure sensor. The differenti al

pressure sensor afPuRdESs EPeaprE%l}rQetMO‘iggeBW frtoviinge opr Ebange 14 gnal s
to conditioning amdpe 12 di@ducNOEIS ISE &rylulandeltﬂeraa Redyy zk ng

gt zedCST‘g’ﬁQFZ‘T&?a% i osPabhe: B TRE B e s BRuPERor T0g The
el ectroni cs nodul e in Transwmitter 10 1236 pmﬁludes antrmmﬂ.nte:si gnal

indi cative of pche@%%omcs Crogdhid-ong Oanahes@ﬁ@&essnofdhued fzbOVM@ch
t hrough pipe 12 nofe | ocation, -wre

preferably f or rre8’°a‘§‘eﬁ’§1f’ﬁﬁ¥t Bausid tfﬁﬁﬁ'ﬂtgﬁ?ﬁ MR 5&1‘&&13’ 111“??%%(‘?%9 e
conduit 28. | n tme BI@f eRred Endushitctey, QDecttcpmn toduld 018r cwlstes

si gnal s whi ch areﬁr@@b&%b‘l‘{'e i¥ciudes Elh%ostshrz%e £d¥ OLESHL IR 18P Bput
(tenperature, sure, and. di ffgr entia ressar accordi ng

to the " Charr] &rPP 8rrerLrline CompRasriTe SeVARS (BID) nDERETAIRE A
with the predént RL@@emthinoRTD nérisin tisetyplcaliy pneerted directly i

97/ 04288 the pipe or C;.nt:o a theﬁmovfell Gﬁ;éﬂsﬁéfﬁﬁfd into the

-7- an out put _signal cative
deternining flow B&?&r &Png‘e?*ﬁu{‘ﬁeﬂb?e@é%& iGRFERASHTEs  The syiFes i Exom| y
sinmplified over ptiher RFBt e carreatedgtd tne sidel of cpreredaal blotkein

el ectroni cs modul § @mpbe2askk! Ebngor ﬂ&xs:.h& %3l culrat EhefJ;%iM dﬂ? tog

exceedi ng % constraints on e m Croprocessor,
accept abl y P rbe hpTateat ibkack are connected wrrep which R QR | ed
bl ock di agram of an elsensdrlnodndwit?2armhdelasret conptednbdubesd &®f 10
transmtter 10. Sensor nDAgLRsd? inddiides2d Si@idles a2l DFrFSRSIL
sensor 30, dlfferentlal ressure sensor
ssure sensor and an absolute pressure sensor. The
dlfferentlal pressure sensor and absolute pressure
20 sensor provide pressure signals to conditioning and
digitizing circuitry, and to a linearizing and
compengating circuit. The compensated, linearized and
digitized signals are provided to the electronics module
i8. The electronics module 18 in transmitter 10
25 provides an output signal indicative of process
conditions of the process fluid flowing through pipe 12
to a remote location, by a 4-20 mA two-wire loop
preferably formed using twisted pair conductors, through
flexible conduit 28. In the preferred embodiment,
30 transmitter 10 provides signals which are indicative of
the three ©process variables (temperature, static
pressure, and differential pressure} according to the
HART® or Fieldbus Standards. Further, in accordance
with the present invention, transmitter 10 also provides



32 and tenperature sensor 34. Strain gauge sensor 30

senses the |ine

pressure (or static pressure) of fluid fl owi ng through conduit 12.

Differential pressure 15 sensor 32 is preferably

formed as a netal

cell capaci tance-based differential pressure sensor which senses
the different VP 9P4@8%ure across an orifice in condui t PETOREBSIRL ure
sensor 34, as discussed above, Is preferably a 100 ohm RTD sensor

whi ch senses a 20 process tenperature of fluid in pi

pe 12. Wile, in FIG

1, sensor 34 and sensor housing 24 are shgwn downstream of transmtter
10, this is but one preferred enbodi nent, and any suitable placenent

of tenperature sgmsettPdei ignal LoMegiwd esE Ehow.

The metIRBOosE Nodul e

22 al so_pref ef abhy, LAGMIES Ay accofAlPE Lh3e! LOBLER:POLILOD, 30, sgnd a

Sensor processor ronrcs por

tronics

i ncl udes  ouspEniileantdyns i drieidoaven Priomaeelods eddoyingsthe
portion 3.6 in spOsRspFBYllser22n vy wlestebgnal mfiulecordi Lanshngrapd pover

supply filtering, circuitr
and PRT 46. The 18

42, | og:to-digital..(AD t 44,
i SR Lol PR ; (PRGBS §06 OO 34 ar o

provi ded to anal ognstxaiaitsc omdi the micreprbqessor,supp yat accéptablyng
circuitry 42. sJbe ,aaldPgimakgnals are WO 97/ 04288

PCT/ US96/ 11515 conditiqned (such as ] f] nd.t he conditioned
anal og signals are provi dQ%Gt'O%A/:ﬁ i ec?g"trg)’r]ﬁﬁ ?‘%’3‘ diggram of

In a preferred esbosbmentoduleD chvemdr Sleftmiiasy

apduiel uded aof

plurality ofjgvol { Aggeh el Oiil senEOPVRALERLS, 29" iGRN¥GeEANCCstLaghal tal

converters, or both (as appropriate h digiti
S omel o Ssuch omEs hesaus Braber ity dibarentdag

ze the anal og i nput

PresELESr 8FRT°T o the

teachi ngs of U S32Paténterjosratite £e888r032; 5S083i09%aude 14&na38 3a0d

5, 155, 455; assig . i : LAV kgn. In

t he enmbodi mﬁgggﬁ%m%ﬁéﬁaggéég?s?ﬁ,?e%%ﬁfg g-eglgﬁfgfal of giu%:%ﬁverters
48, 50 and 52, a c&bﬁBi‘?%nEé’PfiB-lBi gt -al r PEASSYFe

shown. The vetnsge- t3R diigi t pkeférakigny dicizanesl 48sand S58ebat usellt o

convert the sign@iSacitance-based differential pressure sensor which

senses the differential pressure across an orifice in
conduit 12. Tenpeuailes2élsor 34, as discussed above,

20

25

30

is preferably a 100 ohm RTD sensor which senses a
process temperature of fluid in pipe 12. While, in FIG.
1, sensor 34 and sensor housing 24 are shown downstream
of transmitter 10, this is but one preferred embodiment,
and any suitable placement of temperature sensor 34 is
contemplated.

Sensor module 22 also preferably includes an
analog electronics portion 36, and a sensoxr processor
electronics portion 38. Electronics meodule 18 includes
output electronics portion 40. Analog electronics
portion 36 in sensor module 22 includes signal
conditioning and power supply filtering circuitry 42,
analog-to-digital (A/D) circuitry 44, and PRT 46. The
analog signals received from sensors 30, 32 and 34 are
provided to analog signal conditioning and power supply
filtering circuitry 42. The analog signals are



fromsensors 30 and 34 into digital signals. The

capacitance-to-digital converter 54 is used to convert the signal from
capacitive pressure sensor 32 to a . digital signal. 20 PRT 46
is preferably formed as a | ow cost, silicon-based PRT positioned

proxi mte pres¥QO088hsor s 30 and 32.  PRT 46 provides &8RS %re
si gnal I ndi cative of the tenperature proxi mate sensors 30 and - 32.
This tenperature signal is provided to voltage-to- 25 digital converter 52
where it is digitized. Thi s digitizeksignal is then used to
conpensate the differential and line pressure signals for tenperature
vari ations. Anal czpmdigrniadnesbndsucbniasg anpd ifoiest) sappl che cdnditaiameg

circuitry 42, the, cf%roxr ‘\@él%r %1%4;:%@1833 $8 RUp 8bRvéltePr L%’ﬁ-%%’used

physical ly Iocate on, a single circuit
intransmtter 10% Oncethe analog signals are digitized by
A D convert er S 44, the Hi giat | pedfeiordl eyl ipemti,ded/bo convé:&ﬂiiﬂr

BT Usaas ﬁgﬁt " O £GP 143" 188188 L Wpruratity gt %?Z{;Q c%l.v_:(/etasll «t een

bit w de outputs FRPERKERNR 1 aBFe capacisgpfectPoRigitdls %Yerters: or
Sensor processor h‘acbtﬂct (991 SppPeptidate)3&hich QieiwiAd|thd naldidRs imput

T o1 Opr 0cessor St GLORK o QUM bnyBoce B0 AN pIBARL PIGLATARINES

electrically era réad
62. M cr opr Re2XAims c"eﬁ'rpe‘ﬁ%%lt e%eaeﬁ%&ﬂgﬁea?ﬁ zda: st-he R?rttﬂi{tss Nos.

vari abl es reggi ved, §1®0802509 388, oob.r»ommsmj Iaﬁia 86155, 4s§pra9/s95rgr£w
sources of errors ar#q%non Ilnearl For
p

nce, during facture
of transmitter 10°CprR<ipwe assi S‘Fstéﬁ Bﬁasgﬁ at BV PR R dug&f 3"1’
characteri zed ovesmbodimemtnpehewnr énafdGpr & srhreanyettagedcaphiaigralat e

correction const akdfvere ke, nS@Q'Qxd Iﬁeséh@@r{eeéhpﬁﬁltancem:r. [tp1ar e
_stored i n EEPROM 62. v%ng ﬂ)erat | on of 1 nsmvt er %@ rlstants
in EEPROM 62 are T&t1Teved BY° ni ocess 5873 'c_ia%? J‘g"ya
m cropr ocessd® S8&onvertiers A& ukadi ﬁg poeynsedalte wenvexsr éiha redanads used
to conpensat@rdhie séngbibzesh dahlenantigto PlagSWae afthnals.  The
capacitance-to-digital converter 54 is used to convert
the signal from capacitive pressure sensor 32 to a
digital signal.
20 PRT 46 is preferably formed as a low cost,
silicon-based PRT positioned proximate pressure sensors
30 and 32. PRT 46 provides a temperature signal
indicative of the temperature proximate sensors 30 and
32. This temperature signal is provided to voltage-to-
25 digital converter 52 where it is digitized. This
digitized signal 1is then used to compensate the
differential and line pressure signals for temperature
variations. Analog signal conditioning and power supply
filtering circuitry 42, the A/D converters 44 and PRT 46
30 are all preferably physically located proximate to, or
on, a single circuit board housed in transmitter 10.
Once the analog signals are digitized by A/D
converters 44, the digitized signals are provided to
sensor processor electronics portion 38 as four



static pressure signals. 20 Clock circuitry 60 is provided in
sensor processor electronics portion 38 and provi des clock

signals to mcroprocessor 58, A/IDcircuits 44 and to ot her el ectronics
as appropriate, in order to acconplish the desired operations. It
shoul d al so beWR38#88 hat 25 the functionality of portions BEI/ESAV/1885can
be conbi ned into a single integrated circuit chip through
application specific i nt egrated circuit (ASI O t echnol ogy.
After the analog signals fromsensors 30, 32 30 and 34 are digitized,
conpensated and corrected, the process vari abl e signals are provided

over a serial rqwdq@i%alsi:{ﬁeeﬁ ase: (whhe bBUSphidst @nOWMMt s&l EflPNi Cs
portion 40 in el n%ryaﬁ%ﬁngduge 1§6 SPlI bus 64 preferably includes
power signals, two WO 97/ 04288

PCT/ US96/ 11515 Sensor processor electXpnics paeitginal s 3nd the

three signals ne(ﬁmﬂbﬁw :Lﬁé’ﬂh&é’é aSﬁ’icroproc%&'&%l 589.clock circuit
Qut put el ectr ni cs%ym)duée gref erab es, m croprocessorty 66,

é [ ncg;
non-vol atil e UBFY agd PTREGERARLG:r 95eCtNiRRALY orexesaRla ¢ 74,
HART[ err] prrocgraimnabdei vered@ ancbrlgop owemoanyt, COrBBEHOMYI 7&2.0n

addi tion, output bﬁ]&%&%@b%%oﬁ?%é 'cgﬂlpégsms% PAEL Y4 zes thge%{é@%% ed to a

battery back- up ci rc%#:’t‘L é battery power q%t
el ectronics in cd&&GP £§ reF&FVE e GPmtﬁBaﬁﬁﬁe?l%?EHQQERFcRRﬁt%9ﬁa% wire
| oop. for wdriomsr coesses 6ff eererveandheodi Pindarity. For

conpensat ed ¥ Oc‘ﬁz%t\é?aﬁbabé@f:ﬁ ﬁ\%fﬁ@ﬁcmi?e &k trallxé'merF_lter h%S g@@?fsu nd as

will be described in greater icat on,
ni croprocessor GENESTS 38 @Rdads e ‘ﬁ’@éé’ 1F1P6M~1'5f Cham@tmrmdngmem ough

pi pe - 12 basedmperaberpr oagds paesabkres rengéypd @' IMSr&driate This
information is stQr ﬁgchgoggngg&éealgréerg)et%/%mi_slpe%ss*g?%ﬁv %‘S{r}gég%bl y, Is

suitable for storin
When request ed, Iﬁ%ﬁf‘ﬁée@a’%rsweﬁmﬂ §BPBGM 62. ousdngepperabiv 40 to
provi de the 1fass tidamamdatar 10, the constants in EEPROM 62 are retrieved

by microprocessor 58 and are used by microprocessor 58
in calculating polynomials which are, in turn, used to
compensate the digitized differential pressure and
static pressure signals.

20 Clock circuitry 60 is provided in sensor
processor electronics portion 38 and provides clock
signals to wmicroprocessor 58, A/D circuits 44 and to
other electronics as appropriate, in order to accomplish

_ the desired operations. It should also be noted that

25 the functionality of portions 36 and 38 can be combined
into a single integrated circuit chip through
application specific integrated circuit (ASIC)
technology.

After the analog signals from sensors 30, 32

30 and 34 are digitized, compensated and corrected, the
process variable signals are provided over a serial
peripheral interface (SPI) bus 64 to output electronics
portion 40 in electronics module 18. SPI bus 64
preferably includes power signals, two hand shaking



stored in non-volatile nenory 68 over two-wire | oop 82. Ther ef or e,

out put electronics 40 is coupled at positive and negative termnals 84
and 86 to | oop 82 which 25 includes controller 88 (nodeled as a power
supply and a resistor). In the preferred enbodinent, output

el ectroni cs 40 wosTmécat es over two-wire | oop 82 accor diray/uss6/asts
HART[ err] communi cati ons protocol, wherein controller 88 is configured
as a nmaster and transmtter 30 10 is configured as a sl ave. Q her
communi cat i ons protocols common to th_el@_r ocess control industry nmay be
used, wth appropriate nodifications to the code used W th

m cr opr ocessor 66 18 4 t3RCOHLEY SHigralist k¥ gaf@i“ heRldaangegi N
the HART[ err] pro?g%g? i s acconpl i shed grialls ce\s/\%ag /0428@i al’s

PCT/ US96/ 11515  Signaling - 11- by utilizing

HART[ err] receiver 76. HAREertr | glecéronicg6 modudkt r 40t s ptedetrablygi gnal s
recei ved over | o00p,82:8E8Mni Ia] 6588 1 5485 nddlf Fi Lt al
signals to c?rrlc%flt 72}“#1:%.8&9 {:ér;lgétéufran deno u|"§{lfé)"\sél?‘, e “éél gn 5%5
accordi ng to Bhe YRIRGESFr |FSH9E608 Thd FOSHLEESTt hebFe@it  74ni cFBBE8cessor
66. prétocol trebeivete?s anddl gop adurteitakontwbltérare., 1n to be
sent over | oop 82 1 C c Jycuit C erts.the
digital signals i%?%{g%go C{%u%s%i%g{:]é?gjr’r%%uﬁ’%ﬁe?s&?ﬁgmz‘é_r E}ééﬁgfmlggi on,
and provi des b@eco Hfe® baghary Packiyr gircwd which pypvides

preferably includeateeBel powdrcagpaitid! sutpiiemelectBénics liaoay r ant

Converter [ oib! {8958 58 90 WOpronidBLINE VAN ULIARABE, | o,
provi des a 4- 20 mA dHigrRpTroceppeserfitat keseivps thhe Fagikdaeds
i nformation bei ngcotperssatdddpbycdds ORF DASEEHN o0BrORT bus | 2P 821fisuch
A'so. vol tage redifoRaiat, Shdras chitl he, aafEr TRELTR GiBiter despin,
sui tabl e referencka%®¥t adds this eprpifiiaatdem,oni vicxopradasscan, €6nsor
processor  1sel efilQfi o3& hel ANl &G &f SEIN I Oowd®g through pipe | N
order to cal cul atfzfﬂaoélé& I&l’noggg f)irocess variables received over bus 64.
This information is stored in non-volatile memory 68
which, preferably, is suitable for storing up to 35 days
worth of mass flow data.
20 When requested, microprocessor 66 configures
output electronics 40 to provide the mass flow data
stored in non-volatile memory 68 over two-wire loop 82.
Therefore, output electronics 40 is coupled at positive
and negative terminals 84 and 86 to loop 82 which
25 includes controller 88 (modeled as a power supply and a
resistor). In the preferred embodiment, output
electronics 40 communicates over two-wire locp 82
according to a HART® communications protocol, wherein
controller 88 is configured as a master and transmitter
30 10 is configured as a slave. Other communications
protocols common to the process control industry may be
used, with appropriate modifications to the code used
with microprocessor 66 and to the encoding circuitry.
Communication using the EART® protocol is accomplished



25 differential producer (such as an orifice plate) I nformation
IS required about three things. Information IS required about the
process conditions, about the geonetry of the differential producer and
about the physi cal properties of the fluid. Information about the 30
process condi tW@R%04288 obt ai ned from sensor signals, such BeTiURgs/ABPNal S
fromsensors 30, 32 and 34. Information regardi ng the geonetry of the
differential producer and t he physical properties of the fluid are
provi ded by the user. WO 97/Q§§§8

PCT/ US96/ 11515 -12- Fl ow
through a di ffernspt Lk 1969dyCaiaRm® rectARAENYEONA! fiimeal CULELGH, DY

utilizing the eqﬁxtlon se g E quat1on 1 above. oW IS pically
cal cul at ed %t%nﬁﬁgltﬁ tS&gﬁa g é%ﬁ?%é@%&i????mﬂ%ﬂ%t??c s 5 if
requited. The choonteroilemi 88 dehér pmeddelse vhéueligitadf shgnamét o

conversion fact Oc‘ilrant 74 which, ;[hetf urd sc@g&mﬁgu%ggeegf{__ﬁéergl agerrl

S a di mensi onl I rica actor
t heoreti cal $Iow??%ﬁréaﬁglﬁ?ngéﬁchB?QtH€°§€F8E|F?dl@roﬁﬁéﬁﬁléhsm tee fl uid
I n the pipe, thenasseppddcessaf 6Ll 0 energy loss in the pipe, and the
| ocati on of pressure t e ne f the
differenti al pr oducer %ﬁlcta%bfescejﬂe%sgg Qaihs é@% &ﬂ’%"@?
rel ati onship i n e B! BERFnEYSHF mloep §2)  from mlcroprocessor 66
Equation 2 Circuit 74 converts tHeeldigital signals 1ntoV"Q§{aQ.oy"

ci ent

Reynol ds nuyber er = t he, di sch cqe
at infinite 20 %&%ﬁ%ﬁ%f jgtes them zbf ELan%mlSSl?%b gVﬁﬁﬁ
correction termthe modulated s:.gnals to circuit 76. Circuit 74

preferably includes a Bell 22 compatible modem. The

Shunber

loop current control circuit 78 receives an analog
voltage signal from a D/A converter in circuit 74. 1In

15 response, loop current control circuit 78 provides a 4-
20 mA output representative of the particular
information being transmitted by microprocessor 66 over
loop 82 (such as one of the process variables, or the
calculated flow).

20 Alsgo, voltage regulator 72 preferably provides
3.5 volts and other suitable xreference voltages to
output electronics c¢ircuity 40, sensor processor
electronics 38, and analog electronics 36.

In orxrder to <calculate flow through a

25 differential oproducer (such as an orifice plate)
information is required about three things. Information
is required about the process conditions, about the
geometry of the differential producer and about the
physical properties of the fluid. Information about the

30 process conditions is obtained from sensor signals, such
as the signals from sensors 30, 32 and 34. Information
regarding the geometry of the differential producer and
the physical properties of the fluid are provided by the
user.



v D e

n = a known exponent term and [err] = the fluid viscosity.
This relationship varies for different types 25 of differential producers,

the location of the pressure taps on such producers, and the beta
ratio. Typical equations defining Cd and the other above terns have a
wi de range of WSM1M4288ty and are set out in Table 1. The EFSTENILSEH
for Cd associated with an orifice plate- WO 97/ 04288

PCT/ US96/ 11515 - 13- ~ type differenti al
producer is the nbost common in the | ndgstry. The velocity
of approach factor, E, is a geonetrical termand relates the fluid

velocity in the 5 throat B¥ow hahtiohfsdr emt | diffeventinl t ondduceam tilse

remai nder of the phpfendiEnyflPTalikulht@BPEPARtE IBEE the edifatd el ON Of
tenperature as foll ows:

Equation 3 [erPRt 239 Eayeten ¥ @boxR -or FAPFeiffet¥pically calculated
Equation 4 [errin mass units, butdtamx ig¢ idipresdiedneheronimgteficr ende s

t enperature Tk ¢ . = er,.:t.ub ' AR
5ten%£r%€bu1r . Thé)éh01ce”%E g?%fgzg??ﬁuﬁﬁﬁgéathetvalue

reference are 1Ir,; ] ermal expansi on
coefficient of thef theoupitgcqpuarsiogndactor. N. [err] = thermal
expansi on coefficient of a Tmder B@chhuhe. coefficient, Ca, is a

dimensionless, empirical factor which corrects
theoretical flow for the influence of the velocity
10 profile of the fluid in the pipe, the assumption of zero
energy loss in the pipe, and the location of pressure
taps. C, is related to the geometry of the differential
producer and can be expressed as a seemingly simple
relationship in the following form:
15 Equation 2
b
n

Cd - C,, +
Ref

where the Reynolds number

Rep” = '{‘f—g i

C, = the discharge coefficient at infinite
20 Reynolds number;

b = a known Reynolds number correction term;

n = a known exponent term; and

# = the fluid viscosity.

This relationship varies for different types

25 of differential producers, the location of the pressure
taps on such prbducers, and the beta ratio. Typical
equations defining C; and the other above texms have a

wide range of complexity and are set out in Table 1.

The calculation for C, associated with an orifice plate-



The gas expansion factor Y[err] is a dinensionless factor which is

related to geonetry, the physical properties of the fluid and the
process conditions. The gas expansion factor accounts for density
changes as the_25 fluid passes through a differenti al producer The as
expansi on fact 9f7’8?ugri mary el ements with abrupt changes ‘Fﬁuﬁﬁ AP e
such as orifice neters, is given by the follow ng enpirical

rel ati onshi p: WO 97/ 04288

PCT/ US96/ 11515 -13 14-

Equation 5 [err] where h differential pressure in inches
of wat er at &¥per fiffergntial PrOdIFCei” ipstheanest esommeni anpshe; and
K -isentropic expagastrpf the gas. The adi abatic gas expansi on
o on’s  [ecOM 0T oY ShEPOLIob R OB R IR AL, &, 15 a

Equation 7 [er g}aometra.cal term gnd redatespthe cidpuite velokitlye 1@a$he15

The val ue of 5Y[ eth}:‘o&ﬁ bfo ey iiiﬁlf'éﬁ@ntlal producer TQ@ ReLe 0{ tRge
differential pr ogg% L c‘ts th tela elql georret rglf 'S unction of
t enperature as ?H’?% e pipe” %he Ve¥selt approach factor
Equation 8 is a function of temperature as follows:

Equation 3

1-Bt

10 where, for an orifice meter,
Equation 4

d [1+e,(T-T,)]
D [1+e,(T-T,)]

=

d, = oxifice diameter at reference temperature
T,;

15 D, = meter tube diameter at reference
temperature T,;

«; = thermal expansion coefficient of the
orifice plate; and

«, = thermal expansion coefficient of a meter

20 tube.

The gas expansion factor Y, is a dimensionless
factor which is related to geometry, the physical
properties of the fluid and the process conditions. The
gas expansion factor accounts for density changes as the

25 fluid passes through a differential producer. The gas
expansion factor for primary elements with abrupt
changes in diameter, such as orifice meters, is given by
the following empirical relationship:



20 [err] The differential pressure factor,
h, is nmeasured by a conventional differential pressure sensor.

The fluid density factor p is described in mass per unit volunme and is
a physical pro erpy of the 25 fluid. For typical process control

appl i cati ons, tQYfés‘ /04288 WD 97/ 04288 PCT/US96/11515
PCT/ US96/ 11515 - 15- density of |iquids
is a function of tenperature only. It can be described by expressions
such as the PTB equation for the densigy-of water:

Equation 9 [J[err] 5 where A-F are constants, or a generic
expression given by the Anerican Institute of Chem cal Big eiests 5

(Al ChE) : Equation 10
aM 10 [err]Yi-l-(.41+.35$hb59—%%%%?re fluid dependent

constants and M is the nol ecul ar wei ght. Gas density is a
function of absolute pressure and absol ute tenperature given by the
real gas |law 15 where h = Qiff : Fquati.on 1

[err] where Z = the conp#esSFSPF%?§ Befrre 1ninches of

R err] = univer sal & @n&&ift: and n nunmber of noles. 20
Gas density ahd conpressi bif ist upsackans paeesure Dalsia) ethaisi ng equati ons

of state. Some equations ofgy _ ; .U e ASMVE steam
equation and MBWR, 1s¥nR%Bp18ERp8ReAT e LR G

The adiabatic gas expansion factor for
contoured elements is described as follows:

S : Equation 6
y - | (2 -B%) [K/K-1)] (P,/P,)¥E[1 - (B,/P,) K-1/K)) |2
b3 [I_BQ(PZ/PI) (Z/K)] (1_P2/P1)
10
where
Equation 7
P . _ _ h
P, 27.73P

K = isentropic exponent of the gas.

is5 The value of Y, is 1.0 for liquids.

The bore of the differential producer, d, is
related to geometry and is a function of temperature as
follows:

Equation 8
d-d, [1+ea,{(T-T,)]}
20

The differential pressure factor, h, is
measured by a conventional differential pressure sensor.

The fluid density factor p is described in
mass per unit volume and is a physical property of the

25 fluid. For typical process control applications, the



are useful for single fluids or a restricted nunber of fluids.
O hers, such as Redlich-Kwong or AIChE 25 equations of state are

generic in nature and can be used for a | arge nunber of fluids. The

Al ChE equation is as fol | ows: WD 97/ 04288

PCT/ US96/ 1151%0 97/04288 - 16- PCT/US96/11515
Equation 12 [err] wher e

Equation 13 [err] 5 where a-e are fluid dependent constants;
and M = the nol ecul ar wei ght_pf. the fl uid.

| mpl enenting the flow cal cul ati on using equations 1-13 set out above

woul d yield a hidgghlsjiti0ofaddiydids resal ttunctilonever tembara0aser shiys of

power consungt i I 1:Q0 1S d ir ts make
the inplenmentation %.htﬁg f%tﬁﬁggééﬁ%gti. nsegég%%@d{%% gsgﬂcaa%gﬁ?r}ﬁt?r%f
currently avai | SFV@tEPRNEREL EBe Baasity of Wakedprocessors. Theref ore,
the transmtter of the 15 present invention calcul ates fl gshased #n a

nunber of sinplified equations, mhilg retginin a hi gh degree of
accuracy in the flow cal cul &ttént BT + CT* + D" Th&Tfepdiiltfenci es related to
t he di scharge coefficient are as foll ows: [err] where

[err] is the viscosity of the fluid; and .
[err] (T) Usi ng the AFBRESeqftafi of¥For SPRGLRRES, ©X a generic

expression given by the American Institute of Chemical
Engineers (AIChE):
Equation 10

p - aM
pirix-1/03¢
10
Where a-d are fluid dependent constants and M
is the molecular weight.
Gas density is a function of absolute pressure
and absolute temperature given by the real gas law:
15 Equation 11

S
nzZR,T

p =
where Z = the compressibility factor;
R, = universal gas constant; and
n = number of moles.

20 Gas density and compressibility factors are
calculated using equations of state. Some eguations of
state, such as AGA8, the ASME steam eguation and MBWR,
are useful for single fluids or a restricted number of
fluids. Others, such as Redlich-Kwong or AIChE

25 equations of state are generic in nature and can be used

. for a large number of fluids. The AIChE equation is as
follows:



25 Equation 14 [err] WO

97/ 04288 PCT/ US96/ 11515

-17- . and, using Al ChE equation for gases:

Equation 15 er@%% According to the present invention, the 5
di scharge coef Y@P#M88 err] equation is sinplified by appPSHURBY1ISES
[err] by a polynomal in T or |/T. Preferably, this approxinmation is
done using a third degree polynom al equation. Also, Cerr] is

appr oxi mat ed using a sixth degree polynggial equation in 10 or
[err] It has been observed that better accuracy is obt ai ned
using the polynomal for Cd with the term Equation 13%

[err] 15 bei ng the independent variable, but this also increases t he
calculation tinme. Therefore, this caanq_ugidl og;;ﬁ”ﬁhe ot her pol ynom al

dé4758 G| F2 EERLY

can be used, depending upon the P~ desi red.

where
Egquation 13

where a-e are fluid dependent constants; and
M = the molecular weight of the fluid.
Implementing the flow calculation using
equations 1-13 set out above would yield a highly
10 accurate result. However, the constraints of power
consumption, calculation speed and memory requirements
make the implementation of the full equations beyond the
capability of currently available transmitter based
microprocessors. Therefore, the transmitter of the
15 present invention calculates flow based on a number of
simplified equations, while retaining a high degree of
accuracy in the flow calculation.
The dependencies xrelated to the discharge
coefficient are as follows:
20 Cq (B, Rep);
Rep, (Q, ) where pu is the viscosity
of the fluid; and
g (T)
Using the AIChE equation for liquids:
25 Egquation 14
# =exp (a + b/T + ¢ Ln(T) + @ T%;



20 . FI GS. 3A, 3B and 3C are exanples of curve fit accuracy of

t he di scharge coefficient using the above equati ons. FIG 3Ais a
graph of the discharge coefficient curve fit error versus the Reynol ds
nunber for an ASME flange tap orifice neter having a di aneter

WD 97/ 04288 WO 97/04288 PCT/ US96/ 11¥1HUS96/11515

- 18- I n excess of 2.3 inches. This graph was obtai ned by doi ng a
sixth degree fit in [err] as follows: 5

Equation 16 [err] and usi ng an proxi mation of viscosity as

fol | ows: Equation 17 [err] 10

FIG 3B graphically illustpgges,thgy dAfalailfiatidt0ebll ghelk.curve fit
error plotted agai nst Reynol ds nunber for  an ASME cofner tap, orifice
neter using a sixth degree fit in Equationgls
FIG -3C graphically illustrates the discharges

v 1 +¢/T+ d/T?

According to the present invention, the
5 discharge coefficient C; equation is simplified by
approximating p' by a polynomial in T or 1/T.
Preferably, this approximation is done using a third
degree polynomial equation. Also, C; is approximated
using a sixth degree polynomial equation in

1 .
/Re;
10
or
1
Ln{Rep)
It has been observed that better accuracy is
obtained using the polynomial for C4 with the term
—_—
Ln{(Re,)
15
being the independent variable, but this also increases
the calculation time. Therefore, this can be used, or
the other polynomial can be used, depending upon the
degree of accuracy desired. |
20 FIGS. 3A, 3B and 3C are examples of curve fit
accuracy of the discharge coefficient using the above
equations. FIG. 3A is a graph of the discharge

coefficient curve fit error versus the Reynolds number
for an ASME flange tap orifice meter having a diameter



coefficient curve fit error agai nst Reynol ds nunber for an ASME | ong
radi us nozzle using the sixth degree fit in 1 [err]
WD 97/ 04288 PCT/ US96/ 11515

-19- FIGS. 3A-3C illustrate that the curve fit approach
appr oxi mat es t N&O ¥¥03288ar ge coefficient Clerr] to better thear/ag96@1585%
Simlar results are obtained for other differential producers. 5

FI GS. 4A and 4B are exanples of curve fit accuracy obtained for
viscosity. FIG 4A graphically illustrages curve fit accuracy for

Vi scosity versus tenperature using a third degree polynomal fit in

1/ T. FI G 4B in |excess esft Be3cdnvbesit Tbéar gopphowas shasiingdl By
versus tenperat urgsiyst ng i gq%gr polynom al fit in 1/T. FI G
4A i s based on wat e?%and %)Eéﬂgé 'S ?gtcg culated for air. It is seen
that the curve fit approach approximates the viscosity of air to better
than +/- 0.001% and the viscosity of water better 15 than +/- 0.2% A
polynomi al fit of a higher degree in [T, such as 4 or 5, would inprove
t he accuracy of the fit for water. Because the discharge coefficient,
derr], i s weakly dependent on Reynol ds nunber and, thus,

vi scosity, the ad&fur P¥Sovi ded using a third degree 20 polynonial fit in
| /T is acceptsmbl e and t he added conput at i onal conpl exi tqu@fcidnhhgher
degree pol ynom al approximation is not necessary. Simlar results are
obtained for other Iiquids and gases, 1 1'I'h dependenci es
related to the velocity of QE‘fappgggt 1Fa&§Ur$5E: G&he bore of the
differenti al producer, d, are epYol | oWECo [

P {b+ 1 (b + be
VReyl  VRep\ ©  VRep

and using an approximation of viscosity as follows:
Equation 17

-~

- 1 1 1
pl-a,+ ?(aa. + ‘f.(az + as?))

10 FIG. 3B graphically illustrates the discharge
coefficient curve fit error plotted against Reynolds
number for an ASME corner tap orifice meter using a
sixth degree fit in "

1
N T

15 FIG. 3C graphically illustrates the discharge
coefficient curve fit error against Reynolds number for
an ASME long radius nozzle using the sixth degree fit in

1




30 The met hod of the present invention sinplifies t he

Ed[err] cal culation by grouping E and d2 toget her and appr oxi mati ng
the product of Ed2 by a polynomial in T or : | /T. This polynomal is
preferably a second degree pol ynom al . WO 97/ 04288

PCT/ US96/ 11510 97/04288 - 20- PCHP#6MESISs an
exanpl e of the curve fit accuracy of the Ed[err] term FIG 5
graphically illustrates the accuracy of this termplotted agai nst

t enper at ure using a second degree polygomal in T as follows: 5
Equation 18 [err] FIG 5 illustrates that the curve fit
approach appr oxi mat es RIGS .EEA-B36&r mlludatatsy than the().@IE29Eit

The dependenci esplrddih S eXARATLAN chaCtilocrhdge LBEER s ofife 28, Tob ove:

[err] yi ng as expansi gn
calcul ation i s R&HEA t§1ﬁ§d+»6y° %rl rﬁuﬂﬂ‘?’-ﬁéﬁ@h‘&éﬁ@mwbtéhn?d fohe
Y[err] termis apfeaxidiffedential prodhyewsn al equation in h/P where h

is the di ffesrent i al pressq:\rl%sanqléx and 4§ EQS %g%“pé gre&&smgu@.vePrPILerabl Y,
thi s”pol ynor al is a sécond degree . orifice, a |linear
rel ationshi p exiataqsstyvehtaimedr ]fOEnUlFfFPSlEU FIG. 4A EFG’hBC$Jsllén

exanpl e of curvelidstaedsaicyudle fit Yhekculaver ter t elgeiailtyr evebsig a

second degree p%éﬁboépa&lure usfi.h& Ar{:lﬂlz% %%gf\:‘glel Btg\ﬂmomial fit in 1/T.
FPIG. 4B illustrates the curve fit accuracy for viscosity
10 versus temperature using a third degree polynomial fit
in 1/T. FIG. 4A is based on water and FIG. 4B is
calculated for air. It is seen that the curve fit
approach approximates the viscosity of air to better
than +/- 0.001% and the viscosity of water to better
15 than +/- 0.2%. A polynomial fit of a higher degree in
1/T, such as 4 or 5, would improve the accuracy of the
fit for water. Because the discharge ccefficient, C,,
is weakly dependent on Reynolds number and, thus,
viscosity, the accuracy provided using a third degree
20 polynomial fit in 1/T is acceptable and the added
computational complexity of a higher degree polynomial
approximation is not necessary. Similar results are

obtained for other liquids and gases.
The dependencies related to the velocity of
25 approach factor, E, and the bore of the differential

producer, d, are as follows:

E(T), and &%(T).

30 The method of the present invention simplifies
the Ed? calculation by grouping E and &° together and
approximating the product of Ed® by a polynomial in T ox
1/T. This polynomial is preferably a second degree
polynomial.



Equation 19 [err] 25 The curve is illustrated for a contoured

el ement differential producer. FIG 6 illustrates that WO 97/ 04288
PCT/ US96/ 11515 -21- the termY[err] for
contoured el emants I S_accurate, using the system according t h
present invent W94 et t er than +/-0.002% for all beta gggﬁgéﬁfﬁsm
Accuracy is better than +/-0.0005% for beta ratios |ess than 0. 6.
Simlar 5 results are obtained for the square edged orifice.

Dependencies related to the fluid density-Ror liquid and gas are as
follows: [err] 10 The fluid_density calculation for liquid
i s sinplified accordi ngFI® Bhés e sarplavehitiithehyve fitperuaasy t wo

| evel s of curve be theh@&deedrm. [ UGl 5 idraphicaiyoxiliakedabl¥sa the

polynom al in T or T Pre I 's [ | e nom al
and is provided a?cg gcyaoeé %'% éﬁr“étfflo% a§a?8\%gr£gmc£etga§%m?%t

foll ows: a second degree polynomial 1n T as f@irmeon 20 [err]
The sanme termgis al so preferably approxi mated by a POl ¥RREIrdlon Agl/ T

using a fifth degree polynom al as a 20 higher accuracy fit for broader
operating ranges of tenperature.ggz - ¢, 1 c, +_c inmplifying the
calculation for fluid density for gas i accBnill i shed by, again
providing two | evel s
FIG. 5 illustrates that the curve fit approach
approximates the Ed? term to better than +/-0.00002%.
The dependencies of the gas expansion factor,

10 Y,, are as follows:

Yltﬂ.K,-g) ;and

Y, (D)

Simplifying the  (gas expansion factor
calculation is accomplished by ignoring the dependency

15 on T. The ¥, term is approximated using a polynomial
equation in h/P where h is the differential pressure and
P is the static pressure. Preferably, this polynomial
is a second degree polynomial. For an orifice, a linear
relationship exists between Y, and h/P.

20 FIG. 6 is an example of curve fit accuracy of
Y, versus temperature uéing a second degree polynomial
fit in h/P as follows:

Equation 19

25 ‘The curve is illustrated for a contoured
element differential producer. FIG. 6 illustrates that



of curve fit. Fitting a curve to [err] and not [err] 25 inproves
the curve fit accuracy, reduces cal cul ation time, and inproves the
sinplified fl ow equati on accuracy. According to the present invention,
the term I s _approxi mated by a polynomal in P and I/T.

WO 97/ 04288 WO TibHzss PCT/ US96/ 1151&“"5”55"’”5‘5

-22- preferred enbodi nent, the default polynomal is a 3X2

pol ynom al and is used for a | ower accuracy fit. However, the term
[err] can al so be approxi mted by a -23polynomial in P and 1/T using an
8X6 polynonmi al for 5 higher accuracy fits, and for broader operating
ranges of bottheptgye ¥, The goatopred slmmw edsegaauiehef onsing f|uid
density for all é@etﬁsdcf&lll&l% to the present :.nvent:.on. to better
Equation 21 %réli grap h| cal |IIustrates an
exanpl e of frp- oggéuﬁ%fuf B’the??’}l Tor Y & bgtter

t enper at ure usi nghame +f kD 000y r Box phﬁbpnmatabsfl&zssrthan OL/el.. BhifiladB
graphically id | usldsatieg a%vsbf;ain@&%@%e s IQ%SI eef o@&&xkemt“ le

versus tenperature. In both 15 _cases urgé ra I S err]F to
110[err]F. FIGS. 7A aRGP?’BdFPFhﬁrrfftlé‘F%an? ?P@ cﬁr‘%ﬂéy%etns&ﬁyr aEh

approxi mates [elddquid betlt gast Ara as-fIIERS f or t hese two |iquids and
the sel ected tenperature range. Siml ar (7) 5 resglts are obtained for other
| i qui ds and ot her 20 tenperature rané’e!»s‘=r g FI GS. 8A and 8B

Il lustrate exanples of curve

Pgas (P, T), specifically pg,. = ( 71,7

71)

10 The £luid density calculation for liquid is
simplified according to the present invention by
providing two levels of curve fit. The term /p,,- is
approximated by a polyncmial in T or 1/T. Preferably,
this is a third degree polynomial and is provided as a

15 default equation for a lower accuracy fit as follows:

Equation 20

The same term is also preferably approximated by a
polynomial in 1/7T using a fifth degree polynomial as a

20 higher accuracy £it for broader operating ranges of
temperature.

Simplifying the calculation for fluid density

for gas is accomplished by, again providing two levels

of curve fit. Fitting a curve to e and not pg,..

vz
25 improves the curve fit accuracy, reduces calculation

time, and improves the simplified flow equation

accuracy. According to the present invention, the term =

vVZ
is approximated by a polynomial in P and 1/T. 1In the



fit accuracy for [err] for two fluids and pressure tenperature
ranges. FIG 8A illustrates the curve fit accuracy using the 3X2
polynom al fit for carbon dioxide 25 gas. The pressure and tenperature
ranges are 15 psia to 115 psia and 60[err]F to 140[err]F. The results
show that theWO97048% ve fit approach accurately approxi mat esPCT/UPISHISES ¢
better than +/- 0.0015% FIG 8B illustrates the curve WO 97/ 04288
PCT/ US96/ 11515 -23- fit accuracy using the
3X2 polynom al fit for ethylene gas. TFre-pressure and tenperature
ranges are 75 psiato 265 psia and 60[err]F to 140[err]F. The results
show t hat the preferrédt embpdbnent acthe defauldippoimaniasl iwrz]3X20 5

better then +/- 0,09536mide thRSeicesubis irod Cat euoddi® accudbey’ agm Of the

curve fit approxi rratlon varies, as th fluid is changed and” as t he
operating ranges Hpwegressutke termnd/ tém?elaéﬁgr bechrngexivaesd thie a
operating ranges of pressure anr&éJ erature result_in unaccept abl e
10 approxi mat i onEOhYRYBLAY A3 2 I}/ﬁ'ﬁrﬁ‘ fng 3R S Pol AR wi I |
i mprove the reasul highérl&uezhzsacsy i, tamd fort basademdoparatiing Fdrdes 8A
and 8B. cl a8l G-d I LifQR 40

Equati on 1 above, |s S|ﬁlﬂmﬁ‘x{ accord§r f&%&ﬁsﬁkﬂlpél fq' a LE':&-ﬁ|Qtr:1\£/)%rrl1tf|Oorn as
fol |l ows: fluid dens1ty for all gases is aEq 8”'8?‘1522 [err]

For gases this equation can be rewitten as: [err] Equatigwezie
[err]

| 14:%].5[5]'5[% * By + RE; + phy)

+ F{(Fu + BEs + REc + PEY) + (e + Ay + Bfso + PE))]

10 FIG. 7A graphically illustrates an example of
curve fit accuracy for ‘/'5_,_;; for watexr wversus
temperature using the third degree polynomial fit in
1/T. FIG. 7B graphically illustrates curve fit accuracy
density of acrylonitrile versus temperature. In both

is cases, the temperature range is S0°F to 110°F. FIGS. 7A
and 7B illustrate that the curve fit approach
approximates p;;, to better than +/-0.0002% for these
two liquids and the selected temperature range. Similar
results are obtained for other liquids and other

20 temperature ranges.

FIGS. 8A and 8B illustrate examples of curve

fit accuracy for 7‘1—'-_ for two fluids and pressure
z

temperature ranges. FIG. 8A illustrates the curve fit

accuracy using the 3X2 polynomial fit for carbon dioxide
25 gas. The pressure and temperature ranges are 15 psia to

115 psia and 60°F to 140°F. The results show that the

curve fit approach accurately approximates 2L to

vz
better than +/- 0.0015%. FIG. 8B illustrates the curve



20 M = nol ecul ar wei ght of the gas; R = gas constant;

and P, h, T are in units of psia, inches of water and
degrees Ranki ne, respectively. For liquids, the equation can be
rewitten as: [err] 25 WO 97/ 04288

PCT/ US96/ 115130 97/04288 - 24- wher ECTASIIES et ed
terns are curve fit approxi mations. By sinplifying the flow equation as
set out above, the transmtter based m croprocessor 66 is capabl e of
updating the flow cal cul ati on each tine i.gsteceives 5 updated sensor
information by bus 64. In the event that one or nore of the curve fit

approxi mati ons hadde meturacybeeingahsd el potwhomial eflit hEopretylwheval ue

is used in t fl E%;él L0 £ £ fggt._ Of
variations in th ﬁr‘ogiggg% s?/[gri%%? es?o ggaauﬁ?rreacxtla%efag%t egrpe%)]hae tfol ow
calculation by 265PPigeBf EHET tAPFISFancERPnTeARLES RV UhatortbeThey
have a smaller efdigqk op;t hgpphbuen léc&%aélf%ﬁpr&yimatesus'ﬂﬁ the new y
updat ed process variable information and he 'nost recentlyy&al cul at ed
curveé fit appm oxipsite@nshed5:+/ 4 e o08%Ul tAs Theskl testakeuladioitd hathed s bot h
fast and accurate. Havi.ng, ne cal.cul | gw. L erns_at such _an
expedi ent updat elérczftg:‘gagl"'l 8&59?? ac\#%én%% taLJ el%‘ Ja_%%? gxé‘%‘%}é%%}g valrlefsa‘stasdit&et al
communi cat i on pr dtlzdel &5 changed and as thesepernt Wigplangpsngf toressugw
ca: cu: ation as ZGméilslatr @ék?péiﬂih&ﬁre ch.?é@_p][ ?xﬁeﬁsme l@ﬁ)d&%ﬁ:fi%@gﬁaﬁﬁ@s %&ge
cal cul ati ons regardl ess_o type. o erent | ... producer ed,
regardl ess of th&bél 3?Fatf}6§ﬁ°széd%egﬁargkur? gér(a%rséjla}'é:sslgf .%%cf%eé?t iee user
requires a skl iappxgxdmationsy|hy weApensat &% | pplypomial, an 8X6)
shoul d al so be ngda_qfnbhah;t‘hﬂptiﬁnEeofzetthe re8QBtEi €6 Qrb@ 18" 8iREFAY o
cal cul abl e by the user ,tﬁgl.ng , ;&iofé%t hni ugg These coefficients are
sinply stored  CHAendRgiyasedo with3RfcPoprocessor 66 and used in
perform ng the desired cal tul stmporthe classic flow calculation given by
Equation 1 above, is simplified according to the present

15 invention as follows:
Equation 22

0-Nic, [Bd?) (v,] [VPIVER

For gases this egquation can be rewritten as:

< 3 l hp
0 = KN [c;) [Ed?) [Y,_}[—‘/—_Z-] =

where
144M
K=
R
20 M = molecular weight of the gas;

R = gas constant; and

P, h, T are in units of psia, inches of water
and degrees Rankine, respectively. For liquids, the
equation can be rewritten as:

0~ N [Cyl [Ea®) [Y,] [VelvhA
25



30 These sinplifications allow transmtter 10 to actual ly

calculate flow in a highly accurate manner. Rat her than requiring the

transmitter to sinply transmt t he process variables back to a control

room and have a flow computer in the control roomor installation

WD 97/ 04288 WO 97/04288 PCT/ US96/ 1151BCT/US96/11515

- 25- calculate flow, the transmtter according to the present

i nvention is capable of not only providing the process vari abl es, but

al so providing a flow calculation to the _54-control room This relieves

the processing overhead on 5 the flow conputer or other processor in the

control r oomwheete dhesbnatkeved teumgeareheutveansit talp@trolxa&adions .

m croprocessor, : [ 1 oc or to
P Bg{(ceévgﬁlif ngt bGe Ef Si%%ét?orpaa.%e%et ot SHBREC AFEE

use energy mhlch ava It
the present |n\Fé'ﬁtniStBHttl?&'s bgeed micrepreceFedrwi 66 et erc@m@bley of
preferred enbodi Apdating th®r keew skibhddtiont kachr ttind | it eeegaizest hat

changes g | t.all Wi depart r t he
Pt and seope AT PRYSAF, Barortion b bhS'Ss JURR HEGidiTbpe
1. A | oop powme r trexeneft thef onrye ofiti aAgraaximatiorpubavsegnak

i ndi cative of rras:%efd ebmpabeely ddldulated £he P idUROREULE, id iSed in
transmtter COfT'p a terrperature receivi ng circuit

configured to ve a tenperature signal indicative
of fluid tenperature; The effect of variations in the process

10 variables has a direct affect on the flow calculation by

SeI "W ow calcula}:éggl

virtue of their appearance in the flow equation. They
have a smaller effect on the curve fit terms. Thus, by
using the newly updated process variable information and
the most recently calculated curve fit approximations,

15 the result is a flow calculation that is both fast and
accurate. Having newly calculated fiow terms at such an
expedient update rate allows transmitter 10 to exploit
fast digital communication protocols.

Also, by simplifying the flow calculation as

20 set out above, microprocessor 66 performs the same
calculations regardless of the type of differential
producer used, regardless of the beta ratioc used, and
regardless of whether the user requires a simplified or
fully compensated flow. .

25 It should also be noted that the curve fit
coefficients are easily calculable by the user using
known technigues. These coefficients are simply stored
in memory associated with microprocessor 66 and used in
performing the desired calculations.

30 These simplifications allow transmitter 10 to
actually calculate flow in a highly accurate manner.
Rather than requiring the transmitter to simply transmit
the process variables back to a control room, and have
a flow computer in the control room or installation



ot m———— ntacs -

a static pressure sensor providing a static pressure

signal indicative of static pressure in the conduit;

a differential pressure sensor providing a differentia
pressure signal; and a mcroconmputing circuit, caupled to the
tenperature MWREM§BEG circuit, the st atRGI/USIVESE, r o
sensor, and t he differential pressure sensor, to
receive the tenperature signal, the static

pressure signal and the differenti al -25- pressure signal, and
provi ding an out put ignal indicative of flow of the
fluid calculate Hrlsrgh they eAnSTRG G ACCORAERGIGP theneresent

i croconputing cikeehtichl £sl dapsbld @WF not only prov1d1ngQ).:h@C§ﬁcE<§H§lag to an
equation having y,riapies, Jput als "ﬁ%b%hﬁ&@h%ﬁﬁ%r %'cLXaER "
[err] i ro°co circu

configured such cpatral yeQmt ﬂWGSOreihéves the ProceSSlng Oﬁarhepﬂwvands
are each appmoxi &ateeth@s: a:ompur_er or other pkHBELESR @h alnd easirLne of

t he enp the stati ressure, and
the differential ISPE‘SSEF}-} %roes ndt over ur&erp Ehe tré.nsmlttezé-,basszi
The transnm tter migkoprbaemson, wherei reguigeni cthe onpuahagittectbased

i ncl udes: micRobkbSis 8oL OPLOCESSOr QMR €0t Pcth NCexceeds that
tenperature sensor iatlc jpressure sensor and
differential pre8¥ftdaBinshe it and corrects the static

pressure siggal, Alphouhmfgﬂentmahseptesinventzshgnhbs beech
tenperature si gnalesEeib@@n WAL FRnce to_ gcefgrr%ad BEBYE HfSn o rect ed

out put signals ant m_Cr oprocessor, ‘coupl ed
to the first workers skilled in the art w:.ll recognize that changes

may be made in form and detail without departing from
the spirit and scope of the invention.



ERPSO

m croprocessor, for calculating flow mmumnfm“) lﬂm corrected
out put signals. 3. A process control tra to a conduit

conducting a fluid therethrough, the transmtter cbnpriding: * a
first pressure sensor sensing |ine pressure in the conduit
and provi di ng wo $mma28s pressure signal indicative pafrusheilsisne
pressure; a second pressure sensor sensing differentia

pressure across an orifice in the conduit and providing a
differenti al pressure signalyg.ndicative of the
differential pressure; a tenperature receiving circuit configured
to Weladl 18 gLAERMBRIES$Hre signal indicative of a

t enper at ure of th‘i fluid, ap dtrandmlttexa fgrc?(}%ggg%gn%n%&&%é s & led to

theé first and Sécon Fessure sSensor t he
t enperat ure recei Jndgcarivai of Mags Flow rate of f ol cdaopghaa | eepduit,

cal.culating fl ow @he transmitter cé {giﬁéithrough t he conduit based on
t he l'ine pressure si gnal , -

differential pressure signaf &% ﬂp?¥ﬁFure sensor proYéﬂﬁ%?a?Lﬁ%@%ﬁfﬁﬁﬂrﬁand

provi ding an out put s sgmmikal indidiatdvievef of luha ¢¢mperature,
mherehn t?e m croconputing stﬁtgéubkﬁssure se??or 4%?1 LS fd
according to an equat | on _havin J cands gepera

of the form  [err] preS%HﬁF\MﬁégggE *ﬁgﬁﬁﬂﬁﬁaﬁb gtl?&?%%?(ﬂﬂt
is configured such that -at |eastptewswfe ;n the conduithe nultiplicands are
each approxi mat ed a @3fRelBRECIAON ObrsHuderast MR idde

differential pressure signal; and

a microcomputing circuit, coupled to the
temperature sensor, the static pressure
sensor, and the differential producer,
to receive the temperature signal, the
static pressure signal and the
differential pressure signal, and
providing an output signal indicative of
flow of the fluid through the conduit
based on a plurality of polynomial
equations using polynomial curve fits
with at least one of temperature, static
pressure and differential pressure being
an independent variable in each of the
polynomial equations.

2. The transmitter of c¢laim 1 wherein the
microcomputing circuit includes:

a first microprocessor coupled to the
temperature sensor, static pressure
sensor and differential producer, and
corrects the static pressure signal,
differential producer signal and
temperature signal for non-linearities

This Sheet Has Been Reilaced
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tenperature, the static pressure and themmm"llu"wlmm ferenti al

pressure. 4. The transmtter t he

m croconputing circuit is configured to cal cul & e" | dw based on at | east
one pol ynom al equation using a polynom al curve fit with at | east one of

t enperature, AWM essure and differential pressure bei ng BE/USR§EPERdent
variable in the polynom al equation. 5. The transmtter of claim 3
wherein the mcroconputing circuit calculates fl ow based on an

approxi mati on of Cd according to a pol ynonpal equation having the form

[err] -29- 6. The transmtter of
claim 5 wherein the controll erndalppgvdides fdoawelbaisdd curtpart apigrandisyat i on
of Cd according to a pol ynonial jgguation having the forn1 [err] 7.

The transmtter of claim7 wherein Cd is cal cul ated as [err]
a second microprocessor, coupled to the first

microprocessor, for calculating flow

based on the corrected output signals.
3. A 4-20 mA process control transmitter coupled
to a conduit conducting a £fluid therethrough, the
transmittexr comprising:

a first pressure sensor sensing line pressure
in the conduit and providing a 1line
pressure signal indicative of the line
pressure;

a second pressure sensor sensing differential
pressure across an orifice in the
conduit and providing a differential
pressure signal indicative of the
differential pressure; .

a temperature sensor sensing temperature of
‘the fluid and providing a temperature
signal indicative of the temperature of
the £luid; and

a mwmicrocomputing circuit, coupled to the
first and second pressure sensore and
the temperature sensor and powered by a
4-20 mA loop, calculating flow of the
fluid through the conduit based on the
line pressure signal, the differential
pressure signal and the temperature
signal and providing an output signal
indicative of the flow.

4. The transmitter of claim 3 wherein the
controller is configured to calculate flow based on at
least one polynomial equation using a polynomial curve
fit with at least one of temperature, static pressure

This Sheet Has Been Ileilaced
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gl rcuit ca;r(r:lﬁl at (ra?nflrn;)\t/vt S;segf onclaﬁi ;npp?(lymmlm_l)!l(!“umlﬂliMﬂ]ch(r:rggﬁ L“ngg to a

pol ynom al equation having the form [err] © * The transnmitter
of claim 9 where Ed[err] is calculated as: [err] 11. The
transmtter oONO9TP4EBEN 3 wherein the microconputing circui PCRES®IRHASes
fl ow based on an -30- approximation of Y[err]
according to a polynom al equation having the form [err] 12.

The transmitter of claim 1l wherein Y[errlz2gs cal cul ated as: [err] 13.

The transmtter of claim 3 wherein the
and differential pressure being an independent variable

in the polynomial equation.

5. The transmitter of claim 4 wherein the
controller calculates flow, Q, according to an equation
generally of the form:

p=-NI{C,) [Ed?] [Y,] VplVAR

wherein N is a units conversion factor, C; is a
discharge coefficient, E is a velocity of approach
factor, d is a bore diameter of the second pressure
sensor, Y, is a gas expansion factor, p is £luid density
at operating temperature and pressure, and h is the
differential pressure, and wherein at least one of C,,
E, d%, vy,, and p are approximated by the polynomial
equation curve fit.

6. The transmitter of claim 5 wherein the
controller calculates flow based on a plurality of
polynomial equations using polynomial curve €f£its to
approximate a plurality of C;, E, &%, ¥,, and p with at
least one of the temperature, the static pressure and
the differential pressure being an independent variable
in the polynomial eguations.

7. The transmitter of claim 5 wherein the
controller calculates flow based on an approximation of
Ca according to a polynomial equation having the form:

n

1 i
c, - b.'
¢ iZo( Rep] -

This Sheet Has Been Reﬂlaced

pE




m croconputing circuit calculates flow bﬁmuﬂn nuﬂﬂﬁlﬁm mation of p for
|l iquid according to a polynom al equatio Ign [err] 14.
The transmitter of claim13 wherein p for*liuid i"s &altul ated as: [err]
-31- 15. The transmitter of claim5 wherein p for a gas is
cal cul at ed as: WO SP/g4283 16. The transmitter of clai m IBCRPE6ISE p
for gas is calcul ated as: [err] 17. The transmtter of claim
3 wherein Cd is cal culated using an equation generally in the form
-29-~
B. The transmitter of claim 7 wherein ¢, is
calculated as:

- bo + 1 y + 1 bz + 1 (bJ
VRe, VRe, VRe,

" b, + 1 .b+-—1-)—6—
VRe,\  VRe,| = JRep,

9. The transmitter of <claim 5 wherein the

controller calculates flow based on an approximation of
Ed? according to a polynomial equation having the form:

Bt - 3 ¢ (1)

i=0

10. The transmitter of c¢laim 9 where EJ&® is
calculated as:

Edz-cb+-%4ci+-%ca)

11. The transmitter of claim 5 wherein the
controller calculates flow based on an approximation of
Y, according to a polynomial equation having the form:

i
hvd
Y - E ("") d.f.
2 f-s\P

12. The transmitter of claim 11 wherein Y, is
calculated as:

Y, =dy+ 'g(dz "’—‘l;dz)

13. The transmitter of c¢laim 5 wherein the
controller calculates flow based on an approximation of

This Sheet Has Been Re’i
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[err] 18.
[err]

claim3 wherein the termEd[err] Y[err]

the form

The transmtter of mmﬂlmlﬁﬂlmlmﬂelm Cd is calcul ated as:
e transmtter of

*i s¢calcut at®ed *usi ng an equation in
[err] 20. A nmet hod of providing an indication of flow

of fluid throow@ozo4shduit using a process control transmttePCUHSHEHES by

a 4-20mA control |oop, conprising:

provi ding a

static pressure signal indicative of the

static pressure; sensing differenrsdal pressure and providing
differential pressure signal indicative of the differenti
pressure; prieeiliquid acaepdiagute i ﬁﬁhl’n?‘ﬂéﬁ'*%a&%i‘cﬁn having

a tenperature of ghe fdhd;

t he

conduit based on the static pressure

- B LE)

i-0

14. The transmitter of c¢laim 13 wherein p for
liguid is calculated as:

1 1 1
,/'p' =gy + _f’(e" + —i-,(ez + ey -E,))

15. The transmitter of claim 5 wherein p for a gas

is calculated as:

/o - [ (2 5 5 o)

16. The transmitter of claim 15 wherein p for gas
is calculated as:

15|28 e e £

%”((fox + FLy, + Hfy + £, P) + —'(I°2 * Ryt Ry + £5.B) )]

17. The transmitter of claim 5 wherein C, is
calculated using an egquation generally in the form:

n 1 i
- —1 b
Ca 3.20 ( in{Re,) ) *

IIllﬂ llllll |

a
al
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calculating flow of the fluid through
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Signaland proviaing ¢ oo HAREARHNS AN nd?22t792 of the 1 ow

wherein cal cul ating conprises cal cuI atinhgt |l ow, Q according
to an equation havin mul ti plicands gener aI ly of the form
[err] WORRE#88n the nicroconputing circuit is PCT/US96/11515
configured such that at least two of the -33 -

nul tiplicands are each approxi mated as a function of at |east one of
the tenperature, the static pressure and {3m.e- differential pressure.

18. The transmitter of claim 16 wherein C, is
calculated as:

1 1 1
C. = —_— —_— ——
R S TYI TP (bl " Tni(ke,) (bz " Tnire,)

- L - b,
(b3 " Trey) (bd " Tn(re,) (bs " Intre,) ))D)

19. The transmitter of claim 5 wherein the term
Ed’Y, is calculated using an equation in the form:

1 a
Ed?y, = a, + _f’(a1 + .._2.)

T
h 1 a
+.§[a3+.§;(a4+-—)+-—-(as+—(a.,+ ;))
20. A method of providing an indication of flow of

filuid through a conduit using a process control
transmitter powered by a 4-20mA control loop,
comprising:
sensing static pressure and providing a
static pressure signal indicative of the
static pressure;
sensing differential pressure and providing a
differential pressure signal indicative
of the differential pressure;
sensing temperature and providing a
temperature signal indicative of the
temperature; and .
calculating flow of the £fluid through the
conduit based on the static pressure
signal, the differentcial pressure signal
and the temperature signal and providing
an output signal indicative of the flow.
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