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METHOD AND APPARATUS FOR DETERM NI NG FLOW PRESSURE
USI NG DENSI TY | NFORMATI ON BACKGROUND OF THE | NVENTI ON

wd 20060E9y OF THE | NVENTI ON The i nvention i s reP@t/esk000039960
the field of flow neters, and in particular, to
Coriolis flow nmeters. 2. DESCRI PTION OF THE PRI OR ART
METHOR ANBARRARAL %F@R@E@%&NWG\FIPQ%BRWSURE USING

sensing the Corioli SDE Ap{.ﬁg \ng condui t.
The conduit consists © one or nor'é es and is

forced to vibrate at a resonant frequency. The
resonant fre uenc the tube(s) is proportional to
Bﬁﬁé‘@% IElﬂ]H N the fl ow tube(s). Sensors

Iocateq_Oﬁnﬁﬁycﬁnﬁgépgpgyﬁgbkﬁt sections of the

t ube(s) neasure e € vibration between the

endsThd invBstidnlib edlsted tdihe ifiell ol flvawy miehes, \ehd irdpdrtigular, to Coriolis flow
tube(s) and the flow ng mass coupl e toget her due to
meRES- Coriolis forces, causing a phase shift in the

vi brat iyon h ube(s). The phase
b, %%b‘ﬁ?ﬁﬁdﬁ BFEAYE PRI a?k ,@R?

shift i's |rec y proportiron he mass flow. There

i s aCegelinfliew yneire datingine ifascflow Rated By §dneitg tthd€61891isabrees on a
a Coriolis sensor, A change of pressure, wthout a

vibrabing sondyitrddg cwdéw Gogpigts Ohpne orIRafsqebestaad dy fosead tevibrate at a

re%%gapggscg]eﬂ%( f’[‘?]r Qr? fLegF rgcgl%? ltlrevmﬁétf 1|§§ cgj:] g&ﬁé{ fo the dens1ty of

thafuithin thé ﬂewrtub&(s)s Sésbadscaietor thetiflet ﬁﬂnﬁiﬂaﬂiecﬁmfthe tube(s)
flowrate will_ cause a smaller apmpunt of bending in

megsare (e sglave ibraHoR hetwser the ands abihe 8ibeés), Durieg ﬂwwhe vibrating
| t
b HRELR P HERRR RS Rt WL GRE s SAUR, SO e

shidt il the aviteretien bawgar tharndsdf thé tube@dliThg phasd shéft isudifL8y proportional

The flow pressure effect is linear and is typically
toghemags 4aWa percent of the flow rate per unlt change

of PriaeW £ cgi?c{ }ekﬁge éf%ct BH theHisw tlbe ‘8 hOllS sensor. A
§ﬁ1 % val ue or

requires el an average pressu

changes of pragutd) mmﬁWhaﬁgeﬁﬁﬁm ﬂolulslramg wall chatige al&ﬁeffect of the bending
pressure val ue can i nduce unacceptable errors

forgse o8 the why. alVjen (hemressPrs ARcreases, e oy fuhe( gvig rsegfgru prg the same
ar{'lglar{t‘I :3? gr;ﬁ)‘igfl% f;gécseslyﬁl‘;ﬁlé k{{sfgﬁgomzﬁu ?&{sy ﬁgwg?feéiilg:cgugeyaoérﬁﬁf& ¥mount of
bdndansd tieetube(8). 8¢henahe pregsure dd:drdé@Ses;lﬂﬁd e tibe(s) will become more
flexible and the same amount of Coriolis forces due to the constant mass flow rate will
cause a larger amount of bending in the tube(s). The flow pressure effect is linear and is
typically stated as a percent of the flow rate per unit change of pressure. Correcting for the
pressure effect requires either using an average pressure value or measuring the actual
pressure. Using an average pressure value can induce unacceptable errors when there are
large variations in the operating pressure in the system. Measuring the actual pressure
typically requires a pressure sensing port, a pressure transducer, electronic circuitry designed
to monitor the pressure transducer, and some means for transferring the measured pressure
to the Coriolis flow meter.

Therefore there is a need for a better system and method for determining the pressure

in a Coriolis flow meter.



to nonitor the pressure transducer, and sonme neans for
transferring the neasured pressure to the Coriolis
wo bwosmser. Therefore there is a need for a bECT/E82004/039960
system and nmethod for determning the pressure in a
Coriolis flow rreter.SUM\/ARY OF THE | NVENTI ON A net hod
SUNIMARYOF kB INVENTIONosed that determines the density

e A0S b arbt RN PR i el Aty A Blaera

flowingwhidggha oo flowheetemTae dethitpiessdneinfeythd predsieelof e
correct for the secondary pressure effect in the
flowing matprdals Thsinfgsted Pressuneayayde ysed i ¢astect or e ssgendapypressure

: . . i ncl udes.
ogE KL CoMSIE Ry tRE A3RAM. Bholie RSt dppe, e
material flow ng through a Coriolis flow neter;

determning a pressure of the flowing nmaterial from
ASPREETReasured density. Preferably, the nethod further

CONBfL §§)%ct°&ftﬁc?§{vlf:ﬁl%n%{1ﬂgﬁ%2?Iirgtlfa;df ?%B\lliiﬁn mass flow

rat € nedsurenen rom net'er using

t hem@asugihgitteedbnbitpof Pmesial Rowing eliretgibh Coribheflow tnikaet;

further conprises: p*R *T* z (a).setting a val ue of

confetersynmg|anressyrerad the flowing anaieripd fioghthp measyrgd dgpsity.

cal ' V. nre ; '

R s T e SR S
ratémeasuddngent &lottetht Qoriblie flswprdtecingy s deteirhined flaw fregsure.

usi ng. the new nore accurate value for the

supBreferahhr the giethod; fugther comprigesal cul ate a val ue for the

pressure P ; (d) repeating steps b and c until_ {herx

val (19 séttng b lvelup b€ saupresdikititycooviengbeeduation trhi #{Z—agT—Z— and

predefined imt. Preferably, the nethod further ¥

AR PR REOR gy oPDr o5 0 L Ly 5 Sl ermned
( AGAD) uistiaotht caluataed v@lue of the pressure P to determine a more accurate value

for the super-compressibility z;

(¢) using the new more accurate value for the super-compressibility z to recalculate a
value for the pressure P;

(d) repeating steps b and c until the value for the pressure has converged to within a
predefined limit.

Preferably, the method further comprises where the compressibility is determined
using information from the American Gas Association (AGA) report number 8.

Preferably, the method further comprises where the user is prompted to enter the
mole weight (MW) of the material flowing through the flow meter.

Preferably, the method further comprises where the user is prompted to enter the gas
type and the Coriolis flow meter determines the mole weight (MW) of the material flowing

through the flow meter from the gas type.

Preferably, the method further comprises where the pressure is determined using the

(locurrent - plow )* (I)high - PIow ) )
phigh - plaw

=P

etermined — * low

following formula: P,
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Preferably, the nmethod further conprises where the

user is pronpted to enter the nole weight (MN of the
woredoens®b7 f | ow ng t hrough the flow neter. PrefBeEDE2004/039960

the nethod further conprises where the user is

prog;pted to enter the gas type and the Coriolis flow
efgeaby, theagthod Suthst eompnisghvherage Gpriphefl watrmter&as been

B AR kB b
pr e Pyefflefablys titerhethod Aetherisomprisele \ P current ~ Plow ) V

high ~ "low ) follow ng formula: Pdelern ned = Plow +
Phi gaﬁwrlbme@rr@ﬁsmdytemwéd Kedchvoed ﬁomher?érreetdﬁwp?@@ge

merﬁefe&%gy&ﬂ@rr?étﬂl&itél c'&ﬁfp rseshas been calibrated at a

h pres oW pressure point for a

pl u rcahbﬂaung)fhelmés@ﬁﬂeab density eélati@iship, at the prasstre dointiby b&felating
conprises: adjusting the pressure determ ned

thepdrierarinerbpressyre WHb adnfaswed PresHse plragh ef thertwp grassury poings.

met Iﬁ?f Iaﬁa{tﬂ?%e@@%hﬁ% Wg) Sésbr ating the pressure to

densi i'ons pressure point by

cor rceiraﬁdm@tihg ewk&&mfsrdeﬂb\@pﬁsﬁmé ® aM dxferalriRaivyr ed
pressure at each of the two pressure points.
Ayl @ppast 9f the dnvieBHADEPIRRIESESer conpri ses: conmuni cati ng

the ?Peéa‘ﬁ{)mnﬂgq dfelgﬁwhtg 'b?e%?ﬁ% ?elgtﬁ)on% Igp%ﬁa%&%he q@W féter for a

Anot*hrer aspe I nvention Cco

mzaailalbtald\mgreesldeﬁ@ht to pressure relationship of a
Coriolis_ flow neter for a material at a | ow pressure
poi P) Ca(hlbfat’élalﬂil@o@eélﬂ%@ RrpesuEsSRkefipgshin,oibe Soriplis flow meter for the

m;{th%aqtaig &es@{ﬁreéﬁﬁ] Corl olis flow neter for the

erla pressure point; (c) storing the two

cal |(b)rmmg the b bﬂnﬁhe@Selzimfnsmbefmhcemaahal Pref erabl vy,
the nmet hod further conprises where calibrating the

dendirefprably. grecuethed FArUE £ Qroprise WhetsrRatibeagiag theefieaity tqgpressure
reltaﬁfnsﬂﬁ)nmidnﬁﬁlsgi the material using the Coriolis flow
met er e

Si'mul t aneously neasuring the pressure of
t he nmi@kerngihe idenditye f € tatetisl Wsim@pwhe€oaoliaflew meter while

sm(ilcl)l{arn%l)l?stlyl' IrI]‘lgeaStu?l%gttf\l,e\o prrergﬁrseugf%rl?glgtenal in the Coriolis flow meter and
correlating the two measurements.

Preferably, the method further comprises:

repeating steps (a) through (c) for a plurality of materials.

Preferably, the method further comprises:

determining a current pressure for the material based on a measured current density
and the two stored calibration relationships.

Preferably, the method further comprises:

adjusting the current pressure for the material based on the current temperature of
the material.

Preferably, the method further comprises where adjusting the current pressure for the
material based on the temperature comprises the steps:

(a) determining the compressibility Z for the high and low pressure points;

(b) determine an average molar weight for the high and low pressure points;
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Preferably, the nmethod further conprises: repeating

steps (a) through (c) for a plurality of nmaterials.
woea@besabl y, the method further conprises: detBeTUS2004039960

a current pressure for the naterial based on a

measured current density and the two stored

cal i(brdetaroine a11astipoessime sstim@e’ef er abl y, the met hod

further conprises: adjusti.ng the, current pressure,for
t he (leuRERe 368 so RS hRe e, B el SR e
mat @gy @louldts §FRSABldsurt BRintaéhod further conprises

where adjusting the current pressure for the materi al

bas €0 repeat $teps @)rpés)amtit theyalgiorids “néve prassyse est{ragte” has
determining the.conpressibi.lity Z for the high and | ow
pr eSSUF €SO ,lneﬁecgg‘fl%cm‘?‘ﬁe an average nol ar wei ght
for AfyehddiagitcRBttht RWeRiGSHEEePPTBESHL Bow ARHE Pdrhsrising:
"last pressure estimate" (d) determ ne a new

conpreesduibedrnfigpredstio ggntainea Aowing matersalur e esti mate" (e)

calculate a "new pressure estimate" (f) repeat steps
(c) .a? le("‘%t)o“ﬁ|‘ﬁll"ivlar ‘t‘q%‘ggk}%?ﬁlﬁ%v\‘%&te ﬁecon 'é‘\{/v pressure

est i@k CandNAecHRNAEHREnti Qurkd thBastrdthe dfftioR e thd vibating
Anot her aspect of the invention includes a Coriolis

cofiwty meter, conprising: a conduit configured to
contain a fl

oW N terial.; at |east..0 driver_ .
confd fﬁﬁ?eéﬁortc8%g'%F§?°e§?t?@l]&eo%gi‘iﬂsﬁ?' ogthfeir}fo&m%ﬁn& Eezgl al based on the
mSEHBTIhS GBsRgeoRduigur ed to neasure the notion of the
vi brating conguit; a processor configured to determ ne

a dehsprogessor eandighitedip deferraine pipsgsswa 9é thedipwing masariabhased on
thof tt he %/f'tgrati ng conduit; the processor configured to
e RIS iY-essure of the flowing material based on

t he mlefepibly, BROmEMBE inher B6Bh8Ieabl y, the nmethod further
conprises: a storage area contal ni ng t he pressure to

densi stgrageings contsining the pressvee fol denpifygretaiioaship for the flowing material
at two different pressure points and where the pressure of the flowing material is determined
using the density of the flowing material and the pressure to density relationship at the two
pressure points.

Preferably, the method further comprises where the pressure of the flowing material
is determined using an iterative method.

Preferably, the method further comprises where the iterative method iterates using a
relationship between the pressure of the material, the density of the material, and a
compressibility of the material.

Preferably, the method further comprises where the pressure of the flowing material
is used to correct a pressure effect in the mass flow rate measured by the Coriolis flow
meter.

Preferably, the method further comprises where the pressure of the flowing material
is communicated to an external device.

Another Aspect of the invention includes a Coriolis flow meter, comprising:

a means for vibrating a conduit containing a flowing material;

a means for measuring the phase of the vibrating conduit;
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at two different pressure points and where the
pressure of the flowing nmaterial is determ ned using
wo bwodsaesity of the flowi ng material and the pPEBES2084/039960
to density relationship at the two pressure points.
Preferably, the nmethod further conprises where the
pr esaneans édr doheerfihg thierrgeasated phade int® afqveingidarsityuné¢asgrement;
an |terat|ve met had. Preferabl he rret hod .furt
ComPrTes NilelEmTEE feare i s Ui %@aﬁfg.%g}h%densﬁy
rel ati onship between the pressure of the material, the
density of the material, and a conpressibility of the
BRIEFEDESCRIPFFIONORAHE DRASVREGRO0d furt her conpri ses

m .
co re :FS@: lhlg agglgg g éags cggnfpté y elb?llﬁg w%ﬁmngég?%g:%\geendl 4 psia and
14% gﬁg él?g' c&%tatnla 0 G0gre frahrdrheNVfarRl imbePb EAiEfeadt gasr?g he

urther conprises where the pressure of
f | 0ViIGg2 ied gnaplakhdveing thenmfonpatiedfrom theitablet iorfigare 1.

Cor 190 375 RSO nE tsrplaiSRE S rbpre s S Gohersaipiioy for
a e OAGH tlm@ﬂ-rlfo?dﬁﬁés@@nlﬁy ah@YHer}Qal@Bﬁl%fés&blhtﬁoﬁ@ﬂﬁ%oﬁ@ lgas

msasurl ase of "the vibrating conduit;a neans
cofrq:bsmonmeexta p’rgssui'aeranmwwedl Phpseandt4®4psia. owi ng

d . )
or odtt 8754 plihprie B TRaTRi AR bR P a gAYy tinear
cog‘glsré:sglbli:fﬁ?% FAE! N a o nT5iEs SHRMMY I¥GRukier oflothsr ghséPdNe a @fessure

s conpressibility for pressures varying between 14
rapgd eteesh Mtsda psl Hodipsg. const ant 70 degr ees Fahr enhei t

;Egv&‘alﬁggtlﬁ%[)loﬁL gd' i erﬁ tpﬂ&s 1§ ﬁ%w {Ibagqrén an e¥a g}gl erf)odiment of the

cubleft invelton@ 9raph showi ng the rel ationship between
pressure and conpressibility for a theoretically

| i neBIG. 6asrp ﬂewsnhbrtlfon ijerative ]yt drtermining thenfbove prassire fiogn Ge flowing

Qul f. coast ga ositi over a ssure range
depgityimene £421B eef' 1 %Q?gbe cyrrep1 ben "P's a table

showtg 7408 ﬂﬁ%hgﬂ 'Eh&idvfnfgearxﬁ&ﬁgd BELABAMING alftRORREer 8Bt dypressure

| inear conpressibility and the actual conpressibility
padfits dn onedx@mpid embdr(hmeg%rsfélse ovmnt mvpate¥sur e range

bet V\ﬁ%n 811§ ag | haorv]vdmg:L ﬁle degm y?pressure relationship for Ekofish between 314
psia and 1014 psia.

FIG. 9 is a flow chart for determining the current flowing pressure, adjusted for

temperature, using the high and low pressure calibration points in one example embodiment

of the invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

FIGS. 1-9 and the following description depict specific examples to teach those
skilled in the art how to make and use the best mode of the invention. For the purpose of
teaching inventive principles, some conventional aspects have been simplified or omitted.
Those skilled in the art will appreciate variations from these examples that fall within the
scope of the invention. Those skilled in the art will appreciate that the features described

below can be combined in various ways to form multiple variations of the invention. As a
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FIG 5 is a block diagramof a Coriolis flow neter in

an exanpl e enbodi nent of the current invention. FIG 6
WO 3008/0849¢w chart for iteratively determ ning tPer/i/5ma/039960

pressure fromthe flowi ng density in one exanple

enbodi nent of the current invention. FIG 7 is a flow
resuitathie isvenviomds rot diptited do tfe spadifibexamplgs deseribrd brbeverbugpnly by the
lt.wora&ql ssureﬁpr) ﬁts in one exanpl e enbodi nent of the
clags ARG CIGRIBRAIBR: FIG 8 is a chart show ng the

densijdwing deAsiHf o ol 2k ast éx%?e%EEdCb}f {8k nbk MdabFashgh \wae is: 314

psia and "1014 "psi a. 9isaflowchart for

determ ning the current fl ow ng pressure, adjusted for

te ature, using the high and | ow pressure
pca ation points in one exanpl e (gybodi nent of the

i N&R¥ i on. DETAI LED DESCRI PTI ON OF THE PREFERRED

EMBODI MENT FIGS. 1-9 and the foll owi ng description

depi ct specific exanples to teach those skilled in the

Wk J10YHel RnSRKSE RO HoWhify dBEP Rkt prRsiRe of the MRwing gas, M is the
I nvention. For the purpose of teaching inventive

quiar wcugpt efsthe gag ls:tmvcenmmswélhtngf)@@tggs Haig hepgasigonstant, and T'is
Those

0)hetatyBios P v . 1 GRS T ptal ol ight ofthe
ga‘é\AﬂBWlﬂ% RSB GRPE 0P lis Ry hdve? Mérh&IA reldtias e clstant. €6 chdds where there

t he wi I'l appreciate that the features descri bed

is betider reragn: dfélow\ong)g@édmwravlmsb mgemagrgtur%oi%tm APYng gasineay be
var i the invention.

il WA Bt AR o e SRR Neleng o iERA cBhbuanc

caR &t M CMG Rnldttddyast he cl ai ns and thel r equival ents.
lowi ng density of a gas is expressed by the non-idea
gas law and is: PMP = ZRT (1) Wiere p is the density
of tI?Je flowng gas, Pis the pressure of the flow ng
pdasy-Mis the nolar weight of the @as, Zis the
conpéb55|blllty of the gas, Ris the gas constant, and
Tis the tenperature of the flow ng gas. In many cases
the tenperature and nol ar wei ght of the gas flow ng

WhBfe0Hg fhd sitPbf @k fIowihOYsTR i€the HEIRIrS of tHedlowing gas Nisa

constant, hi cases where there is a w der range o

cofnistend, And g asthe @qmereaslbﬂléss of thp gas. Eqpetian Lishowsfthatribe varlablhty of the

ﬂctvlvfr)l\émdegm 18 malr}fy aﬁected by the flowing pressure and the compressibility. Equation

2 also shows that the flowing density is directly proportional to the flowing pressure, outside
the effects of compressibility. The range of flowing pressure in the majority of gas
measurement applications varies from atmospheric pressure (approximately 14 psia) to 1464
psia, a variance of approximately 105 to 1. Figure 1 is a table of gas compressibility for
pressures varying between 14 psia and 1464 psia at a constant 70 degrees Fahrenheit for a
number of different gases. The compressibility of these gases is well know in the arts and
one source for obtaining this information is American Gas Association (AGA) Report No. 8,
“Compressibility Factor of Natural Gas and Related Hydrocarbon Gases” (Second printing
1994) which is hereby incorporated by reference. Figure 2 is a chart showing the
information from the table in figure 1. As can be seen from figure 1 and 2, compressibility

has a maximum variance of approximately 1.3 to 1, over the 14 to 1464 psia range.
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measured. When the flow ng tenperature and the nol ar
wei ght are consi dered constants, equation 1 can be
WO 200a0596EN as: p N - (2) Z Wiere p i s the denBtT/ySmD4/039960
the flowing gas, P is the pressure of the flow ng gas,
Nis a constant, and Z is the conpressibility of the
9 as Figoeats EBT aph showisg thmldlhmhmnE¢Wb¢n PWU@EF andgpmpressibility

forgy St hepe o B B e et SeaptsP iy BLIGRf const gas
comBO¥Hod Bddr atﬂ?gssful&%%b%e@s%b%' 14¥psiaSardi 1484 tpkd. As can be seen from
proportional to the Tlow ng pressure, outside the

ﬁgafef Hbsdifferanoerpetessi theltheoyeticalie lingan g@n@ifonf amd\ﬁhmctual variation

S RSO VL P L OTHE s 2D B, B SpBBelp e Figure 4isa able

shéﬁﬂllgrtf?&nﬁ%ﬁhﬂ dilffer@il Brtvicen 248broifaBy lided @bmgmsgbmfty and the
approximately 105 to 1. Figure 1 is a table of

acmahanqxsssﬂnlmytqf afnumber eﬁ®h¢r®5txﬁaF5glur@4 b@mn@é hat Alhq@@,lse@ nearly

and sja at a consta Fahy enhei t.
ling S BRI PP ELFRPRT oL PSRRI Ty TerS
IS oy e A o

lindsrsrekatiat shim b¢taes) pResuos andNb:ns@ Becanspoé ﬁl;esebhmat 9nd near linear

Factor of Na ted ocar

relp &R ST NG mEIORCAAE GFFd & LALLM T BAT T BeeHyy
ref gf 8.is Fbfek Aiadrdns ofa CRAbLs 6O TH@CbﬂBM ﬂ&lflnﬁﬁﬁer has a
fromThe table in figure 1. As can be seen fromfigure

cofidein(502) withrope o5 Bioks fubesconfigursd fagomaimaiiawing swtesfal. There is one

or PG e b ) 500 ek g b AT PR freauncy of e

coP@tiV&RAsdRE Fﬁﬁ}’ﬁ RAAZ GRS R8sl the notioRof the v1bratmg conduit (502).
theoretica [ inear conpressibility and the real

cmmee@@msmngccmd teithef drevsa(s) S¢eandosengsas 96 ol eopdigurgd to control

oSS IR B ST R DR P a5 B g n i

mAPEOESR bERlekY nlultR8 iinYR FoRéiaipl& TRert hfaydeisok electronics attached to
ariation between conpressi bili tg and pressure is
¢:

the Ciogihtis flow métérsangakese slepenicd way p@;meeted tq an exterpl gomputer
mum di ffere

show ng the b t h
TUPRIRE 5P Eﬁﬁ’?ﬁ@ipﬁ ePRirQ) e RIe e dn QRTAL™ é@%ﬁ g at?‘%[‘ sreates
C olft KBRS th@fxllb%th@' cofASiE TausdihPa pRasé shllﬁdh(ﬂ@d ﬁbra‘hbﬁ‘between the
ere 1s a nearly I'inear rel ationshi p between

tmoamris eSthelsbhduity Thadensprsgneasercithe phasoshiél behwrga typ pgaisions on the

COj‘_lagE %i&&%géﬁgllﬁer ds%prgmg{;] g\@ﬂ{vﬁ%alrteagﬁg of C%%ég‘%malhé fheasured phase

dlffglleﬁ{:é %% @&oh?ﬂ%ﬁﬁet@i BapHAR 2t ﬁiﬁfé&iﬁebﬁturg@ﬁﬂié%ﬁot@fhown) or
hese |inear and near |inear

may receive temperature data from an external sensor. Coriolis flow meters can also

determine the density of the flowing material using the measured motion of the conduit.

In one example embodiment of the current invention, the density of the flowing
material is used to infer the flowing pressure of the material. Figure 6 is a flow chart for
iteratively determining the flow pressure from the flowing density. At step 602 the density
of the material flowing through the Coriolis flow meter is determined using the measured

motion of the vibrating conduit. Determining the density of the flowing material in a
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rel ati onships a correlative nethod can be used to

equate flowi ng density to pressure. Figure 5is a
whbmekssagram of a Coriolis flow neter. The Q@eT/051084/039960

flow meter has a conduit (502) with one or nore tubes

configured to contain a flowng material. There is one
Cagioligdlos nietey isrsell o indhe arg Ad atep §O0¢ iths eamepressidility of the gas z is
e dlwfg t a natural bendi ng frequency of the conduit.

Rnshit dare configured to neasure the notion of

t he V|brat|ng conduit (502). Controller (508) is

connected to the driver(s) 504 and sensors 506 and
Pc_om"il@‘tﬁ”'éﬂ*zo control the operations of,the Coriolis

flomaptpr. Controller (508) may be co(P ined in one

unit or may be split between nultiple units. For
wészra erus ¢he flonsing prgspursel iothe tenesatpisn indsMais thecnely waghtied the

giowslaé inoth og)?I %ﬁn\g, ntﬁggrs gn(f %%rsa Pegéugg J@(‘tul?aﬁed At step 606 a

rnal conpu ghni ng
bettb@&alﬂi%ﬁhsls deirhiled Lbing MRl @lculdtéd Piessusd P OThe \taifl% of the gas
flowng material creates Coriolis forces in the
copipiesaibility z@b A givien presawrs Prrgn &e grigsaing using the infrsmation in AGA
ari o h
re}%OéP ogqpﬁ%sgg)u\rl@ uppﬁgiéég e #%??sggllﬁt%ggﬁﬁpﬂy f‘%tgt-gt St the like. At

stép608NBe RV ts r@fédlchﬁ&dﬁﬂﬁigr thé hew cdnﬁbﬁfsﬂbilh@ﬁz tlhmefﬂrmure value
rate of the material fromthe nmeasured phase

degfirminedds etép 64 basamnt iconyesgad) te wyithin @prqﬁ?}emaw threglgld flow returns

to ts&eﬁ,rgig)gp é’ é& &' %}Stg%g gﬁ {hg%?er na regsrél?]ls is d%%\ﬁgd using the last

cafduﬁféd@h@d for €fpradsire Flaveenthe prdstige dglng klét)érr@iﬁled fiestep 608 has
flow ng material using the neasured notion of the

cocmra@d to, withingrree dstampned dwgsbeldnihetpressunchas begnrsaggessfully inferred
ion the d f I e i ed
A e T ST e R ST e Py
6 i Inantkoanmplbanibolidient bemhatinveatiyn,ded pressund et Hehﬂs;ﬂi}@hllor
pressure fromthe romnnq}denS|t At step 602 the
cogemglieaiedio & dryvigeepxtarnal o fhiedygrieds tﬂI‘?FVo‘Egtﬁf tHee examaple) the pressure
t el
Tl 5L IEELSh A TR TE O B e
unfsbi@\ﬁlrékgur@'&bﬁditiaﬂls. HrﬂalﬁﬁIerthmﬁlefehwddﬁﬁérﬁ of the C‘ﬁﬁ'blllt iKVe9itidn, the
inthe arts. At step 604 the conpressibility of the
preggurevajus rgey be wsed to porrged far griyesyre ghfect 1Bv¢hequgsscﬂﬁw peasurement of

th? é)zcl)an V\ﬁﬁvrvgnep CI‘I 3h%lp1%s£utr??¥\f'f&grs%ﬁé§1§‘[§ate€ ggllggl%t of thei flow rate

pek h@‘Mt RBag? ih PeesSiaei Ohd way loaameet for theeksarefleifestiis using equation 4:
pressure is calculated. At step 606 a better value of
z is determned using the cal cul ated pressure P. The
val ue of the gas,
4

M corrected — P =
1+ £ -
(( l OO) ( static cal )

Where M orrected 1 the corrected mass flow rate, M,,,, is the measured raw mass flow rate, P,

is the pressure effect, Py is the current pressure, and P, is the pressure the flow rate is
currently calibrated at. P, is typically a function of the geometry of the Coriolis flow meter,
for example the diameter of the conduit, the thickness of the conduit walls, the stiffness of

the conduit, etc. Equation 4 shows that when the pressure in the meter is equal to the
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conpressibility z at a given pressure P can be
determ ned using the information in AGA report 8,
wa@eovpnesl bil ity | ook-up tables, conpressibiliPgr/US2004/039960
equations of state, or the like. At step 608 the
pressure is re-cal cul ated using the new
presowp theguéthi is icaljbrated pf, theaorscied Slomets wanaldo thetrawflave When the

st 608 has not, conver.ge 0 Wt hi r t er m ped
curf ot BEsROire. et P Y AP o0 P g R FEuT ) B Snater
thaB $hd Meifr&f fide gas conpressibility is determ ned

using the Il ast cal cul ated value for the pressure P

WheWhenahpCeselis Bow atatier islferring ithedflow peasaye 8918 Hpgmeasured

certiy B ottt BBt §F (asriad 1Rk Pyl e meter are
nedde@VTMGeABBRtUrY canbtembLRIINR g RASHIE tHeARetd oHERY bk Provided
a nunmber of ways. In one exanple enbodi ment of the

fropmareextéroal, temperapwresanaere Thamolrs vetigh o4 $hedzag can be entered by a user or

co icated-to a d ce external .to,the Cori.oli Low, .
PO Forka SRR RIS WRE et ey PRcr b MEMNIE By Blberal
the;y%@ adret Hireday bg Sypifiadn SWlid GHthey MBy BiiteSS deretilgbylRlentifying

he "pi pe to detect unsafe pressure conditions. In
theaftooving magsriahby sameongésrremposition hWhew thegiser ¢ntgre the name of the

t he pressure, val ue may..be used .t orrect for a
oy i BHERLT e B iR RBBE PP ERL Piira®) uf o lpgop wble o
defeRhing theScdrieaporidiholal Weight 3 e Matefikiect is typically
stated as a percent of the flow rate per a unit change,
in fr exgherexapls embpdinsent of thecurrertrinyendiopy s spagured density of a

effect i.s .using eguation, 4 : V.V WereMor STOR
flopiing eieraL S hia e P e pirral e T BRESRE SEhfdaed o
pra¥8is/dbhM reRtinshifeatiahifiigrepyuessdifitandidt @téw pRet@agoins. Because
the curréent pressure, and Pcai is the pressure the

thef pressureAdessity refasionsinip igneggly ilipeart enredhe fipy mejeriag beey gajibrated at

f [ f the. f X iald | .
o B G TR Y R B
wiftouf i&Gaan @ﬁrﬁlﬁ\ﬁﬁé ¢aibrdtide psdded the peesfifre e ML ME er must be

etc. Equation 4 shows that when the pressure in the
acovzately measegdaligurs 7 is eflossehartshpwingniemethofl of ealjitringacow meter

t, the correc f i S ual he raw. f .
o Peotetircnnr aC8en (07 et b fobfebis rPfa0 a s
lewl. 5Stper04tthe dGiRity 8 € R Andtbrilignkasuber iRl the flowWhastet diehe first
measured flow. When the Coriolis flow neter is

préssiter At Sgpi7R6 thd melepialds dap Row etay is presswsigeditosgisecond level. At step

ToR Sk S SRR, W s e v

mdt&RE frAtdifaPmas Be BIEWBAREOURH thiSiB@r &r BeybOktalidlinside the flow meter.
nmeter, or may be ({)r ovided from an external t enger ature

The ertermayThecakibraied fosicehttyps ofimateraldlavng Huoeght the £qripys flow

méter ﬁlecgneocrxample embodiment of the invention, the high and low calibration points
may be stored in a table for the different types of material that may be measured by the flow
meter. When the material type currently flowing through the meter is entered into the flow
meter, the meter would lookup the calibration points for that type of material.

Once a meter has been calibrated for a material, the pressure of the material can be

determined from the density using equation number 5.
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provided froma renote source. Wien a user is entering
the nolar weight for the material, they may enter it
wa@leooensd49y7 by typing in a value or they may entBCT/U$2004/039960
indirectly by identifying the flow ng material by nanme
or gas conposition. en the user enters the nane of
the f1 ow ridpnps.er pal)*eP,; A&, ges conposition, the
FiGare 6185 *f|l-ow meter T a (| ookup table
det erm ne lt he cof?@sp@ﬂding lar weight for the
material. In another exanpl e enbodi ment of the current
i nvention, the neasured density of a flowi ng nateri al
Whege P5E5,.5Qs BRI RN sed] PENs tI BiSStuFeatie 165 prgssare
calibrated pressure/density (elationshL% at a high
calphratéan pasntp Biatis thedressurg af th higheprsssuee gpdioration Betd e is the

t he pressure/density relatignship.,s nearly |ine
et PR PEGETEY BrothbE cR RN Apsa i o Uil fffgsured at the
highi fréBhRhliPragss Eéi@t, RAH LS 16 AR dUFRESHMESUEAN RSty of the material
Inferred fromthe current density w thout iteration.

floming thepughshemeiepFigure§ ipa ehastshorhes Hhedsnsityérpssureiglationship for

f net er st b ur at el asured. Eigure.7 d
ol pRet > o 75 D boRon" S BCReh My fuH 57 mb g Befbreen the
linBRURE 284 tHoWRt BSFHIBRICcYss. At step 702 the materi al
in the flowneter is pressurized to a first |evel. At
st efn aodheresanplesimbpdonent loé thedneantian, the highaad deW pressHg
the.flow neter at. the fiyrst pressure. t 7
calfition ISR oh 68 bt p Rt S Shareg . EBelsffe of re
flobv@YEhateAhl. ﬂ%@e g QB8 116% cHANridétepthinimiethertugentflowifig pressure,
measure at the second pressure. Wen calibrating the
adjubted/forgermpenatiee, rvsingrthehighand ksav pressmrheplibrtiongieinth et step 902

neter. or may be.static jinsjide.the fl (g -
COWB{G&?Ibﬁ%ISB%th&F}C&?% eeaa%l Pgtheglé%hna dylg\gl%ggé%{rlr%tcg}llﬂ-aﬁon points. The
cofnbREiBDity Ma9¥e defeRRinC@ LsiaL hsy 6f tBYHTES @tholl§(ABA gross Method 1,

exanpl e 'enbodi rent of the invention, the high and | ow

Mahod BraatDatail Mstheds displpsasein A geparinunles|§) eompressipjlity look-up

i fferent .types of nmaterial t :
e BB S SRR ot 8T "R o BB Al e holar weight
forl th® Wigh%hnt 16w pedisitrb @aliBthidn pdinte i @i@thindd. Retwadting @jtvation 1 to
meter, the neter would | ookup the calibration points
solve forttheimolarpyecight gineseri al . Once a neter has been
calibrated for a material, the pressure of the
material can be determ ned fromthe density using
eq fon nunber 5.(5) Wiere P determned is the
Mge ined pressure, Piowis the pressure 40) the | ow
pressure calibration point, P hlgh is the pressure at
the high pressure calibration point, piowis the
density nmeasured at the [ ow pressure calibration .
Whese M is the mojlay weighy of the matagali D i{8 sipesured pressuge at the low and high

pressure calibration points, Z is the compressibility determined in step 902, T is the
temperature measure at the high and low calibration points, p is the density measured at the
high and low pressure calibration points, and R is a constant. The molar weight for the high
pressure calibration point is averaged with the molar weight of the low pressure calibration
point to give an average molar weight. At step 906 a current pressure P is determined using
equation 5 and stored as the “last pressure estimate”. At step 908 a new value for

compressibility z is determined using the “last pressure estimate”, the current temperature,

10
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hi gh pressure calibration point, and p current is the
current neasured density of the material flow ng

wo booetose6t he nmeter. Figure 8 is a chart show nBCT/182004/039960
density/ pressure relationship for Ekofish between 314
psia and 1014 psia. As can be seen fromfigure 8, the

the averdge tmvdarweight dfithematerial andithg currentatensity. Adstepd 102 “new -

uite close. hi anofh ex LLe e di nent _of...th . .
e R IS HEL S e op P SshiBe s Pispapiibfetermined in stcp
908 'the LB bR ofafWelit aétbSih&flint stept TS theubreACHASIR} and the current

changes Tn tenperature of the flow ng material. Figure
ter@pératuge. f Atostechled the f'oew gressrerestineaie’t inevduated nsing thwfoHegving
ressure, adjusted for tenperature, using the high and
CaRP W pr essure cal i bration points. At step 902
conpressibility is determ ned for each of the high and
| ow pressure calibration points. The conpressibility
Absaintdeal gt mwpressireisstimpteiny last prepsure petiseaterdtrods  (AGA
gross Method 1, Method 2, or Detail Method) disclosed
in AGA report nunber 8, conpressibility |ook-up
WhaPthe SquatRRRE 886 tHRi“hbl pragusletdnstefs sot &l the c@irert PRessure. When
'l ke. gt step 904, an average nolar weight for the
thdequlatiamts falsevther mewpressurgl sstimate’ trsterefl as thei*dast pressure estimate™ and

ﬂogpg%egl.{r{ln Iesgcm %-' yéig{gi tEﬁ _itee%lfli.%te I(I%}%C\]ﬂh &?e ee%%lﬁ\égf f?%éa (2 len& jemperature
in YR B in® indidifal BBE B daRén inB AR oliliSyv ARt RchiR B PeésSurdlusing the
the | ow and hi gh pressure calibration points, Is the

higlomplr lewgiressiiretoplibieation ppimtsd i n step 902, T is the
tenperature neasure at the high and | ow calibration
points, p is the density neasured at the high and | ow
pressure calibration points, and Ris a constant. The
nol ar wei ght for the high pressure calibration point
is averaged with the nolar weight of the | ow pressure
calibration point to give an average nolar weight. At
step 906 a current pressure P is determ ned using
equation 5 and stored as the "last pressure estimate".
At step 908 a new value for conpressibility z is
determined using the "last pressure estinate", the
current tenperature,the average nol ar weight of the
material, and the current density. At step 910 a "new
pressure estimate"” is calculated with equation 3 using
the conpressibility determned in step 908, the
average nol ar wei ght determned in step 904, the
current density and the current tenperature. At step
912 the "new pressure estimate" is eval uated using the
fol |l owi ng equati on:

11
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Absol ute val ue("new pressure estimte" - "l ast

pressure estimate") <= 1. (7) Wien the equation is
WO eawe/05996€7 " new pressure estimate" is set as t hBCT/US20841039960
- pressure. Wien the éqliation is false the "new pressure

estimate" is stored as the "last pressure estimte"
Claxi8:l ow returns to step 906. Using this iterative

nmet hod, the effects of a change in tenperature in the
Werliiing material can be taken into account when
1_dgtlﬁétﬂg,({}icgglphgﬁgp_ressur_e using the high and | ow

pressure calibration points. CLAIMS: We claim 1. A

met moghsuringthe idssity:of resesenial figwingthrmgbiat Gorisflisflow meter (602);

material .flow ng thr a.Coriolis.flow neter 02).;

dot detirminigg Appease bF B9 doNipEmp Rl om s BRtSred fRb

the nmeasured density. 2. The nethod of claim 1 further

conprising correcting a pressure effect in a mass flow
2. r Themethad wf elmant] furtbendohpri®mgi ol i s fl ow met er usi ng

the determned flo essure. 3. The nethod of claiiml..

 Ur CRBPC AR PSR Roariess (03 rlLFeRTEogeny dogb tgiCOriblis flow

: b Qbfef edstiret N€ equation P=- and M

m@%ﬂﬁﬁﬁ??éﬁ@%‘gg@f% the pressure P(604); (b) using

the cal cul ated val ue of the pressure Pto determ ne a

nmpre accyrate.value for the. conpressibility z (606);
3-(?%1@&56&1930319@1% UHBFTEOMPESSt e val ue for the

conpressibility z to recalculate a value for theR*T*;

pr es@)settin(608Y¢ of ehmpressivalitymdo St e qguatien & wmrt The and

value for the pressure has converged to within a

cal %gia%glelf:bmhg:prégsurypewm;hod of claim3 where the
conpréssibility is determ ned usi n%rl nformati on from

t he fymisingahe Glsulitsd valnaof b ptoasny Ftepglsiermingriyapregiccwate value

The method. of claim 3 where the user is pronpted to
fOéﬂleéPm&’ﬁf‘és I%Z\@@g]m (MY of the material flow ng

thr %gﬁbiﬁ@ﬁlefﬂe%%ta‘@éurate value for the compressibility z to recalculate a value
for the pressure P (608);
(d) repeating steps b and ¢ until the value for the pressure has converged to within a
predefined limit.
4. The method of claim 3 where the compressibility is determined using information from

the American Gas Association (AGA) report number 8.

5. The method of claim 3 where the user is prompted to enter the mole weight (MW) of the

material flowing through the flow meter.
6. The method of claim 3 where the user is prompted to enter the gas type and the Coriolis

flow meter determines the mole weight (MW) of the material flowing through the flow

meter from the gas type.
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6. The nmethod of claim 3 where the user is pronpted to

enter the gas type and the Coriolis flow neter
waledoensones t he nol e wei ght (MA of the nateriBET/US2004/039960

flow ng through the flow nmeter fromthe gas type.7.

The method of claim1l where the pressure is determ ned

7. uSheupethiod of olainyliwipré therpn¢saurefis detarmingdrusing the dellowipg doymula:
) high ~ "lgqw J det [kélrjnnegﬂgowPh|ghPlow8 The

‘Pnethod f_FI bukten: 7 wehe Feokli ol is flow neter has
dedry calvbr|at ed alp,a -hpgh pressure point and a | ow
pressure paint for "5 pI urality-of materials. 9. The

nmet hod of claim 7 further conprising: adjusting the
pressure determ ned Pdeterm ned for the current

8.t Eh@mﬁﬁmdméclam 7 Wikeze ﬁet@m@heﬁlovyl raetar hasthgen halfbrated at a high

r|S|n Ilbratln reto denS|ty
gV R eogiang  ay Prearp Pt 8 PERHY A5YRERIR I & ng ¢ ne
detern1ned pressure with a neasured pressure at each
of the two pressure points. 11. The nethod of claim1
9. f The method ofiplaim i7rfyrthereemprisagi ng t he deternined fl ow
pre ure to an exter
[isfing the s Stk el v B 15 P Evegrpiyre.
relatlonshlp of a Coriolis flom1neter for a materi al
at a |low pressure point; (b) calibrating the density
10t Eh@mﬁwdméc}aéhdtfunh@rmopm@ﬁmghe Cori olis flow neter

;
t e <Pl BF s elisae S gl rEARIE ec SR B ssarEppil B Gdfbiating
thel 8@ h&DsteQurlvth Aindeds e pResGiné htbe"a@ﬁ bNheltWE paBisre p¥ints.

to pressure relationship conprises: neasuring the
density of the material using the Coriolis flow neter

.t neasuring the pressure of the
ll\lﬁbe@{nie ° iof ¢ @H@q%ﬁftﬁ% o flrsg\%/grret er |oand correl ating
t he oS @Rt dmided. floM BrefRird RfkrOdx térhall d¥vike.

further conprrsing: repeating steps (a) through (c)
for a plurality of materials.15. The nethod of claim

hdhb{ PompAIRE! 1 NY:
(a) calibrating a density to pressure relationship of a Coriolis flow meter for a
material at a low pressure point;
(b) calibrating the density to pressure relationship of the Coriolis flow meter for the
material at a high pressure point;

(c) storing the two calibrated relationships for the material.

13. The method of claim 12 where calibrating the density to pressure relationship comprises:
measuring the density of the material using the Coriolis flow meter while
simultaneously measuring the pressure of the material in the Coriolis flow meter and

correlating the two measurements.

14. The method of claim 12 further comprising:
repeating steps (a) through (c) for a plurality of materials.
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determining a current pressure for the material based

on a neasured current density and the two stored
w@2lob/hF%6i on rel ati onshi ps. 16. The nmethod of BIEU$004E039960

further conprising: adjusting the current pressure for

the material based on the current tenperature of the
15.fiiteenéthdd oﬂdalmrhlafumhcmumismg a| m 16 wher e adJ ustl ng

the current pressure for 8} O bas t densit

t enPEFRIMNE A BHGPT RIESUIGiar Hedpid e“"( é’fseé‘e‘i ‘Fhe?ﬁ“ﬁ “t“ﬁrén enstty

m@fﬁ%@%&'r&iéa'hbbﬁtlgnfrﬁﬁtlc;ﬁéﬁl Ri gh and | ow pressure points

(902); (b) determ ne an average nmol ar wei ght for t he

high and | ow pressure points; (c) determne a "l ast

essu eetlma p determneanewconpreSS|b|I|ty

16. e qgethedo ‘Pl%&‘{ Pgé‘ﬁhf frate" (e) calcul ate a

" NeW;REtRRIHE @ur?eiltt bf%glﬁe f((rQﬂé)l)na(eﬁ'l)il BARBE8H tHel@R®n( tehperature of

(e) until” the value for the "new pressure estinate
thehmsewdnverged to within a predefined limt 18. A

Coriolis flow neter, conprising: a conduit configured

to contain a flowing material (502); at |east one
17 deeVrﬁEth&? Bf &1 86l where\ddRIsh€ tHeR@rre R sstire(faPthe maerial based on

first and a second sensor (506) configured to nmeasure
thettbraperaturoeorapriseh thewstdpsat i ng conduit; a processor

f d. t t .
O i S 2B B e BRI ey oo
(508 ’deH?ﬁer:ra‘ﬁQﬁ/&%@é o it 6k the hibAt bW Ere%sure points;
pressure of the flowng material based on t

det éo)nieteadlingeridast presQure FHEatsri ol i s flow neter of

cl ai urt her co rage. area unlng
*he (rdelecmite siipugimeney Db B RSAMGR

mat ?é'cﬁicu%eémwd;?]r%gsﬁfee&ftmﬁfee’-‘(gm)e poi nts and where

t he pressure of | owing material is deternined

usi 6 repeat sﬂms(c)t y(a) funtihtbe alawfcrrghme@r prgpsuzmeptimase” has

Sgleﬁgéjvre?getdoto wi h1n a Xredghl?etdl l?rg‘?hl p at the two pressure

18. A Coriolis flow meter, comprising:

a conduit configured to contain a flowing material (502);

at least one driver configured to vibrate the conduit (504);

a first and a second sensor (506) configured to measure the motion of the vibrating
conduit;

a processor configured to determine a density of the flowing material based on the
motion of the vibrating conduit (508);

the processor configured to determine a pressure of the flowing material based on

the determined density.
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20. The Coriolis flow neter of claim 18 where the

pressure of the flowing nmaterial is determ ned using
w@amoshEvet i ve nmethod. 2 1. The Coriolis flow nstBUS04/039960

claim 20 where the iterative nethod iterates using a

rel ati onship between the pressure of the material, the
19.déregCariplisfllomhmetenebelaiat 18 Snthencaopp¥iRgisi bi ity of the

materjal. 22. The.Coriolis flo t ' . .

hef SPisE A5Psob g et yieohi Tt gt b dpige materal
at t%QrdifenfpridsRSpbiis 8hd Shbreithe pressuf@sthé flowingaheterial is determined

nmeasured by the Coriolis flow neter. 23. The Coriolis

usifig the desityrofdhe Spwing m@entland thepressheeste easipfrelatignship at the two

flowing material is conmunicated to an external
Pfea%&&?e%‘%“m. A Coriolis flow nmeter, conprising: a means

for vibrating a conduit containing a flow ng materi al ;

a _means for measuring the phase of the vibrating o
20.creduariolislovematst pHelaivo h§ wiheterthe piesswieakthe dlewing@aterial is

into a f.low ensi measurenent; a means for
detag?lgpcﬁpﬂpg@n B%@g‘(ﬁ @gé%fi'e of the flowing material based
on the density.
21. The Coriolis flow meter of claim 20 where the iterative method iterates using a
relationship between the pressure of the material, the density of the material, and a

compressibility of the material.

22. The Coriolis flow meter of claim 18 where the pressure of the flowing material is used

to correct a pressure effect in the mass flow rate measured by the Coriolis flow meter.

23. The Coriolis flow meter of claim 18 where the pressure of the flowing material is

communicated to an external device.

24. A Coriolis flow meter, comprising:
a means for vibrating a conduit containing a flowing material;
a means for measuring the phase of the vibrating conduit;
a means for converting the measured phase into a flowing density measurement;

a means for determining the pressure of the flowing material based on the density.

15



