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Conpensating Mass Fl ow Rate of A Material Wen the Density of the Materi al
Causes An Unacceptable Error in Flow Rate Field of the Invention 5 This
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rel ates to gRIDeASAYI dTdha MERTIH Chidedahadl sadcdptabieoErior intidolw Rate at e
caused by the densifty of the material being nmeasured. Still nore

particularly, this invention relates to determ ning when the density of a
material is causing an unacceptsl_a.bhg ?rror in the mass flowrate and 10
conmpensating for the error cause§'dy aié?lér?‘f‘ipfi'?{'the flowrate. ProblemIt
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other information of materials flowng through a pipeline as disclosed in
U. S. Pat tmbugo a Chriedis flo@metss Uddra mardicEarigrthiginvention relales fnermpgnsatin®ss

and Re. 31,450 to J.E. /15 Smth of February 11, 1982. These fl owneters. have
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nodes, IcAH may be of a si e bending, torsional, radial, or coupled
type. Eagéndityoof tuimetdrial ds icaesingoansridctapabis ermes dmane enass dow uitetanste

nat ural nodes. The natural vibration des.of the vibrating, material
filfed s%’f"@ﬁ*@’s@@gafoéTf&l%?frﬁ‘ééap%ecﬂ)gytfgg?ﬁ)’H’é{'}?oﬁlﬁﬂ'ﬁ%t&- mass of the flow
tubes and the material within the f'IQMSl:E}'-'H'PS- Material flows into the

fl owmreter froma connected pipeline on he inlet side of the flowmeter. The

materi al is thenkdbweds edeturinighefidee nidsswidwinetens té heaswbasassflowsdnd t he
flowmeter to a pipeline connected on the outlet side.. A '
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fl ow tube oscilTate W an'T'dentical phase. a material begins to flow
t hr psigh $imithf bfoFetirubey 1Conbepi STraseefienatkitensshaauses eachongoiow tabem @f ehe

flow tube to have a different phase with respect to .otger pgi nt s gér%the
fl ow t ubdiveREophguatisn. Eaehiflaveiubg ernfiguratieh N 3iyorake Masgd MWL N |
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uni 5 omainial mades. e sbfural ybsgs TRseBrades dbr Eremarenal Tl sHiE N
sensPr sl anlimeliSn BaRBYthE BAIbIAY FRRs of the flow tubes and the material within the
flow tubes. Material flows into the fliowmeter from a connected pipeline on the inlet
side of the flowmeter. The material is then directed through the flow tube or flow tubes
and exits the flowmeter to a pipeline connected on the outlet side.
A driver applies a force to the flow tube. The force causes the flow tube to
25  oscillate. When there is no material flowing through the flowmeter, all points along
a flow tube oscillate with an identical phase. As a material begins to flow through the
flow tube, Coriolis accelerations cause each point along the flow tube to have a
different phase with respect to other points along the flow tube. The phase on the
inlet side of the flow tube lags the driver, while the phase on the outlet side leads the
30  driver. Sensors are placed at two different points on the flow tube to produce
sinusoidal signals representative of the motion of the flow tube at the two points. A
phase difference of the two signals received from the sensors is calculated in units

of time.



mass flow rate of the material flow ng through the flow tubt Bebraay\R00&bes.
The mass flowrate of the nmaterial is determned by nmultiplying the phase
difference by a flow calibration factor. This flow calibration factor is

det ermi ned by Tiet phasd difforpecd beswaad tife evosensecbigerRid iPheRRioes ©f thehe
flowtube. It_is a problemthat properties of a material may effect nmass

|
fl ow rat 832552V Falg obyhematsrakigwipariiesnd. thedew bemsrflavetites. dhmmassal

t hat may - fql: i pel iy t 1 enps re,. pressure,
bnd vi oA ot pTERSHARS S el hfited BT HORRRRIP I ot EBREREE pyBLASR

i nsensi t caBbradion fecter. riis floausditrationtibeide isldetprmipetttyadatd il pidiRIrtie 8 aa8
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The above and ot her problens are solved and an advance in the arf 1s nade

by the pHRAATsNYIMIf opeirdingo goeditionprnditde ¢mor dvfoengata rig Modrcereded. i n

nme re lLow rates gcaused by density_ in a Coriolis fto ter. .One
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Is that the conpensation is nore accurate than 30 ot her systens as

non- | i ndBf fleyuats wivsostitaw meterpalonpsicdsnsilies. idewaver inllovaflew eatesSorielis

determ [ f [ i rd..ady aof ,this, i.nvention that

the comSynFRE% RS bRy AdTeq e RTGe Mfts blpfaoBRankagietar,

t hr esholfidv2rate dftheehateniy aR8P2 cehainghidt®ofl.r Rdr APESEs BYHILASEIdsiISHIIBRSSEs
an uynacceptabl e | evel. This reduces the ampunt of conputation needed to

pr Vi de TR e igriPs/ MiBute at less AAYBislimeniis Wikrstwvmwhat sagsastheae tonat i s

conpensat ed * I Vo i LS NV L. ' r I n
the fol | owi nﬁ%%@g%ﬁ ?rdsj‘?%%%ﬁéﬁeg‘?%&‘% ‘%@Eﬁtfh?oﬁ%hé@"ef E‘?e;ﬁ’%%“g% dui t
in a Comaterial Surpaseised thrébiolacniito cohpatisatafor thaseros BNESW FatéChiusedbio the
condui t H'ggaer ate signals representing the notion of the conduit. Signals
from se §N§Pti xed to the vibrating conduit are received by the neter

el ectronics. An unconpensated fl ow . the material is then cal cul ated
by the neter electronics fromthe r§§i¢'ﬁ5§ signals. A density conpensation

fagbor is tha@he above and other problems are solved and an advance in the art is made
by the provision of a method and apparatus for compensating for errdrs in measured

mass flow rates caused by density in a Coriolis flowmeter. One advantage of this
invention is that errors in a measured flow rate attributable to density are corrected.

A secohd advantage of this invention is that the compensation is more accurate than

30 othersystems as non-linear equations that more precisely fit measured data are used
to determine a compensation factor. A third advantage of this invention that the

compensation may only occur after the density has surpassed a certain threshold



10 determ ned using unconpensated flow rate and non-I|inear 1hFebroatyi20a5
relating density to errors in flowrate. A.densiity conpensated flowrate is
t hen generated by applying the density conpensation factor to the

unconpen o dance Wth this invention e neter
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affixed fo said vibrating conduit, calculating an unc nsated flow race
of said mat erlnaaccordanceawithshignavention| thel meiareiectiemies hyaphlssaidcomtesi al

from sai L I 3., 17 February 2005 and determ ni ng whet her said

densi fy %&?Eﬁﬁé@égﬂ?%ﬂég Hsﬂat%ﬁé@.a?ﬁq@ﬁ@@ {fem thesaprserensihe calsutatedi ng
sai ti5t hgesBry dh¥al may Kde ULt [ e of,. det er mi ni ng
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cal cul aé%ﬁgi a_densi th:SSf&or’rpensat ed flow rate by applying said density
conpens SEITNY FAOPSPSPEAdav falg s asrpraied Ot ewisathe umnippensated fiowsate
densi t yisn&ilitpgtlr passi ng sai d threshol d val ue, the nmethod further conprises
the step of outputting a flowrate that is not density conpensated by said

density conpbhseataltarnaties embddiefesrabliineat dentiy eBRPehawBbHTaboramdehd ty
Va|21be Oct.aiéu!%io 10 A%t ernatively he nethod conprises the steps of|

r e€ponstVEUEIESHFROdRR SEgMpensaladiakraty and linaaninionpation slating éepes in ni ng
a | i neghedpast eneatd ; ] I C nsat.ed flqw,rate and
| i near i r?f or %P?ﬁgr el atﬁ ?régéﬂegrﬂpgﬁﬁél ﬁ*?@%ﬁﬁgg éHFeg?‘@gcﬁﬁ 'R?,ex&ﬁ%gé% fat i ng

said deTPyneRtngdovatatelcah be caiitatod b@m@p!sﬁrﬁ@séiailiﬁeh'r@@ﬁéity%ﬂ%ér}éatioﬁ
corrpenﬁgt a@cgpf actor to, said unconpensated flow rate. 15 Préferably, the

step of & Hf’ﬂﬂﬁ’&@ﬁf RS Eéﬁﬁpensati on factor conprises the step of
inserting sahladiHig L1 I a.N order pal ynonial equation
rel ating density tq%?%%ﬁlﬁh&éﬁ%éﬁ%ﬁ@@@%gﬁg m?%n%?@ﬁt%g}qrh%yl. e
Pré$ er detgrminkd betinemitihgrihbennanmpehsSedPRs Oialé Netcrl N GHEeT ofptiotfid' ¢ Of
said denmgé to flow rate error data wherein Nis greater thar? to
det er nitHEUAN ERIGBANsHY to dloyn sripsmarditaiwneran &F isrgibhier thar 15t The of
per f or grdr S H-NiQrder ve fit camrises the.step of performng_a |east
squar es cur%e_yf?lltﬂ.‘é%lig_e %ﬁ%lfﬁ,mléeen&ﬁﬁﬁg ez{.rorﬁﬁaf%frhgfé)ﬂﬁé’lr I Mass lowp -'g’fe
det er npalyngryal Magdrsjsneratpsnsetibaningas! Rlorder curve fit of the density to flow

rate ermor data wherein N is greater than 1.

30 One aspect of the invention is a method for determining a flow rate of a material
flowing through a vibrating conduit comprising the steps of receiving signals from
sensors affixed to said vibrating conduit, calculating an uncompensated flow rate of
said material from said signals, calcuiating a density of said material from said signals,

3



25 conprises the step of inserting said unconpensated fl ow tAFebraag 20a5d
density into a two di nensional N order polynoma.al equation relating density
to flowrate error data wherein Nis greater than 1. Alternatively, the

met hod further conprises the step of perform ng a two di nensignal N.o r
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rate and sal ensrty to determne said two di mensional N orflei(r%gpol gnolp al .
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from sai e a nsity of said naterial from said signals,

and det eygi,8e i ehdiBbdSarthed eashiisesuihpastepsohoutpuliitg bdflow eée thek onst ve

to said density surpassing said threshold value,, the instructions direct

the pr oc@emit)gcwnpenweaémﬁaiﬂﬁ&er&iwﬁmﬁiﬂ%ﬁ’ﬁéﬁ%‘&ﬁ on facfor fromsaid 10
unconpensat edﬁ}éfg{'vaeg;9,;@8%@?52&?%%@%%5 d QLOLARANAIG8 oF §l@ig.ng density to

errors in flo te a density conpensated flow rate by

applyy ng sai dadenwith gl ERRSRSd eombAsesthd stepaidd respangentoesaid density nat e.
Responsi ve to said density not surpassing said threshold val ue, .the

i nst r uct swpsssingesaid ttheesholt ¥skien geteimintg adingaf dgngitywompensaion 1actalor

d it ted b j d i i ;
ol ot r orira A BregmaenRleL B A RER B ARIO TR IRt IBR/ e to
stores Séélr%é' O%hH%EéIéLﬂEﬁng B 8&Asth cormbentateesiow datesbyiapplying deitslingar

val ue of . Alternatively, responsive to said density not surpassing
sai d t hresisiytompersationefactantiowaid onsomipeasetosfiQw falgeessi ng unit to

det ' | ] it b 20 f | d
1 odBrat 6 andP (RGNS Sleror ST U S0 de SFECqhPPIRaIR LR SPRERERET
sai d matepishl oﬁ'ﬁge&?gﬁ%i&hﬁcéﬁi&n@ﬁéﬁﬂdW%l@ﬁﬁ!@SaaN@déﬂ sotynatrialaquatiphyi ng

said |inear density ensation to said unconpensated flow rate.
Pr ef er alrelgtingdensittiodiw cate attoratata seheafepiy Ndegseatgrthan Tt o i nsert said

unconpensated_fl ow rate int N,.order_pol ynom.al . 1 | AL sity
Lo f1ow 25 1 e toa P ARG AR e S R RN @Rt Enapmer e

i NSt ructydonst dhRGH ratdidhdt Qg W diginiNiis groateetian madetemonidersaidNerdart  of
said density’'to flowrats error data wherein Nis greater thant to

det BOni rpolgeomidleguddonpol ynoni al equation. Preferably, the instructions
denai ty to erpgromn nesarpERRjorRnaal EeSutB R B il steflor
{incomper R P A A (3 i nt6 & two dimensional Norder
pol ynom al Preferably, N equals 4.
Alternatively, the step of determining said density compensation factor
25 comprises the step of inserting said uncompensated flow ratée and said density into a
two dimensional N order polynomia! equation relating density to flow rate error data
wherein N is greater than 1.
Alternatively, the method further comprises the step of performing a two
dimensional N order curve fit of said density and said uncompensated flow rate to
30 determine said N order polynomial.
Altematively, the step of performing said two dimensional N order curve fit

comprises the step of performing a least square curve fit of data for said



equation relating density to flow rate error data wherein N7 Belyuagt2005t han
1. Alternatively, the instructions direct said processing unit to performa
two 5 dinensional N order curve fit of said density and said unconpensated
fl ow r at euhcomeeesaiatsfisarats Mnardad dpobintandetermiMe said avodihgnsicmal N order

I nstructions direct said processing unit to performa |east square curve
fit of daP@YPBMiBai d unconpensated flow rate and said density to deternine
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flow rates_ for varyi densities; FIG, 3. illustrati a first enbadi nent , of
. ot hod PR e ARl bl SRk maErabrom 8 SRS e G AR g bt o Shic
accor danqfaiia b SalivigiICilg FdiGrmihd WhilidideldeReiAs e SR BRRIP!
a nmethod for conpensatin or 20 errors caused by densi'ty I'n accordance

wi t h t hi valvereReisponsaedoaidl density satpassing saidihoestrdd valuge tiag lirstructions
Description The present invention relates to providing a mass flow rate,
measur em&iECt Haen RIOEBFFIBNI Wit (@ \eleBRINEnat CelsiyerRmpesatipn daclor Srom saE

fl ' . i.al. . X i LI
exont) ar SrEBH R Red BwiERE b aBRiRlod BEEYEh reRlfl Skl IEEERIT I,
i N accor dateceavd tdnltlihie i \denbitprcorkpehodted fibavwnakeby 180:1ingl HERS density

fl owreter assenbly 110 and neter el ectronics 150. Meter el ectronics 150 are
connect egompansedpndssients said Locompansaird iow rele. fespoasivede saideapnsity mit

mmss. 1 os agin SRRt esaBRE A e Aol e TFogt i bt siBafiut Bufleptes
st r uct ur Rowsatks gudti i gt abhﬁiwﬁ&nbteﬂ@atedlﬂy B8l deidity2Rpshitioh RRtaRPARENt

to those skilled in the art that the present invention could be practiced
i n cdhj umgtengleatronicarajsappapises atastingehdable Mesaid progessing unit thadstores

al ternat Lag okl ads

Preferably, the threshold value is a density value of 1.030.

Alternatively, responsive to said density ndt surpassing said threshold value,
the instructions direct said processing unit to determine a linear density compensation

20  factor from said uncompensated flow rate and linear information relating errors in flow
rate to density of said material, and calculate said density compensated flow rate by
applying said linear density compensation to said uncompensated fiow rate.

Preferably, the instructions direct said processing unit to insert said
uncompensated flow rate into a N order polynomial equation relating density to flow

25 rate error data wherein N is greater than 1.

Preferably, the instructions direct said processing' unit to perform an N order
curve fit of said density to flow rate error data wherein N is greater than 1 to determine
said N order polynomial eguation.

Preferably, the instructions direct said processing unit to perform a lsast

30  squares curve fit of density to error data.

Preferably, N equals 4.



A Coriolis flowreter structure is described although it shold Bethreary@085ent
to 5 those skilled in the art that the present invention could be practiced
in conjunction with any apparatus having a vibrating conduit to nmeasure
properties of Afterestiatlyf |tbei mptnigtionghdiréet ssitduirocessisgcundl exdnped egid
such an apparatus i vi brati
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t enperat ure seqsehathly afte ewinetibed dieedt arldi frocéd9Agamdit 16 I rfdimace thar s
106 and 106' serve to define the axis Wand W about which each _conduit
osci |5 at gimengionalb orsier surve ikl srididonsity and seidkynrampeaspigskiirheral@sPem
(not shO\é}/nLFl 15 which, carries,the. [ocess material that is being neasured,
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mani fol d 102 el i e i b UferddPd

T03E. The mat S En R T o Ry g e o e Rs R g et ot
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Conduits 103A and 103B are sel ected and ropriately mounted to the
mani f ol dd&igamine §§'QW%%'WWI£PT&F"I @Pal?'ﬁ%m;@ine mass distribution,

noneRf S of inertia and el ast@iﬁ%ﬁoﬁmgblj&?ﬁmgbgg axes WWand W-W,

respectively. The conduits 1l xt end “ou ly fromthe manifold in
an essenti al | yheabavbeind @nbl 8dvartbs 6o aadizspesfHBRIB @t rtrb\eanidiedin ver
104 in opposite directions about their respective bending axes Wand W and
at what the dadriled deperiptiorsanddeliawingkiigwingsadi ng node of the fl owneter.
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and t hr oasHerhICHF @i MVERfiBART I Ng current is passed for 30 vibrating both
conduits. A suitable drive signal is applied by nmeter electronics 150 to
dri ¥ér 104 viRGa HugtttingPa ckadfshosdmg errer ki6s anthpES tafiew adibs tfetvanying

| east ong of,. conduits 103A and 103B on opposing ends of the conduit to
nmeasur e i18%¢ti on of the conduits. As the 7 17 February 2005 conduit
103A- 103B vi ity 1 O SHcs ; ' LfSd

S gnai and a oo e B R o o et 8 B sk S
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Path i 11" carries tenperature signals fromtenperature sensor 107 to neter
el ectroni cs FiG. SMBtstratéieestprocessorl50 receives the first and second

pi ck-of f signals appearing on paths 111 and 111', respectively. Mter
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are physically divided into 2 conponents a host system 170 and a signal

conditioner 160. In conventional neter electronics, these conponents are
housed in one unit.



Signal conditioner 160 includes drive circuitry 163 and sentdFelsugnyad0025
conditioning circuitry 161. One skilled in the art will recognize that in
actuality drive circuitry 163 and pick-off conditioning circuitry 161 may
be separ gt41aN egpsdrRUbt FioSE JRREOR FRPaR NS fH@?Fééé‘ﬁ_iWé?ﬁﬂoﬁeéoﬁM e
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devi ce that provi des extra data storage capability to procetaFeyuaysi00m
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drive curren driver 104 via path 112 of path 120. The circuitry of the present
30  invention may be included in drive circuitry 163 to provide an altemating current to

driver 104.



A densi ty conpensation factor is then determ ned in step 3087 Féraage09bt vy
conpensation factor may be determned in many different manners. A first
solution 30 would be to maintain a nmenory that stores a flow rate and

coul d hen be POrTarRON FRThder i ATopeT B fparadty bipd adddve Greimpehddeed
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+.9988; diensor. £08d, carkditigning+citAfy 3 deterfids the frequéiRQBof el pidk-off
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Host system 170 includes a power supply 172 and secondary processing unit
171. Power supply 172 receives electricity from a source and converts the received

20 electricity to t_he proper power needed by the system. Secondary processing unit 171
receives the parameter signals from pick-off signal conditioning circuitry 161 and then
may perform processes needed to provide properties of the material flowing through
conduits 103A-103B needed by a user. Such properties may inciude but are not
limited to density, mass flow rate, and volumetric flow rate.

25 The following invention is implemented by a processing unit. Either a digital
signal processor in signal conditioner 160 or secondary processing unit 171 may
implement the present invention. FIG. 5 illustrates a conventional processing unit that
Is operative to implement this invention.

Processing system 500 includes a Central Processing Unit (CPU)} 501. CPU

30 501 is a processor, microprocessor, or combination of processor and/or
microprocessor which execute instructions that are stored in memory. Memory bus
502 connects CPU 501 to memory needed to executs instructions. Non-volatile
memory such as Read Only Memory (ROM) 510 is connected to memory bus 502 via

g



where: a*az , a3, a, a5, ab, a" a8 , a9 = coefficients;1mﬁehsma|§r2‘005w
rate; and d= density 5 after the density conpensation factor is determ ned
in step 303, the density conpensation factor is applied to the

unconpenspghes MsROM 990 kisres tonfgn@tidhenandaRyistanFomee tEdt RHo A8 FEcbeoMo
rate in step 304 and process 300 énds. Process 400 illustrated in FIG 4

i | | ust r at REORErYECRER e prasasaing/ey et te A vilatilelDemayi gustyRandoowAcaess
conpensat for ors caused by density. In i s, enbodi_ment densi t
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density ; | | LRI N add
unaccept AT ICEIoR: 8iats heBb 1 e B S 1 St ep
401 by receivi hpul Onapst (D biag 508 omssedts @PUas@! 16 dthendsenssiseaidd xed
to a vibratin% conduit. The signals are then used to calculate an

unconpenstasyie inflruciioasi Anelagtoddmitairti/Dy) converpe53e aflandoPlt & toreceive
conventi Qn mapner well known to those skilled in th b | p.4 a
density &lﬁu’g ﬁg%ﬁngboq sC’rEH'I‘%’uPH‘f%oasr r%ﬁ’l‘?hesgi}%ﬁl iog'r‘lbﬁ] é??c% ent i I
or wel | loaewereawsl Rodidités o PO Bas 508 &hd %@c@ﬁé%‘a‘r{é]&g Sign Js 18m biher 17
February 2005 Wiere p = density of material p,= density o I rst known
mat er i al cygalinatNenbbowmvia pddnda2y Seriphsealotevika G4® isabeother davide dlsat

= const ant .of first known material_such as, wa

ir; K he ter; KZ =
gﬁﬁim P&fiomis %é%%ﬁf?%ﬁ\e%omwogﬁswsmége@i50,0 BrpRroyida Gata 1 CPU 501,
i | | [ + S - [ I; |4 ﬂd. g H
ool ul oy EipHeralelico $a0uRTonAEkRld I HONRAS 0% V18 dath B Bmddsag is 3,

density dayiceuthphpovides dxtreddialsfogerrsidpabliity beprgegsieatsgstan8000sudessa
t han the threshold density. The conparison used is |left to Those skilled in
the art.disK qrive aad diskaMemapnade js canpecieddodi bupidldvepaikfSilty, a

compensat i on Tt & Preeh’ Shatch i wES TR e EH B e B BoveCoriol ep
303 1¢f Hidwihetdheudanas CossiEPROWATdION 1D8CKRIy b8 AfieitedPBy iPEpéAicshs! the
unconpensated mass flow rate and a conpensated mass flowrate Is generated
in step M@@sured material. One such property is density of the material. Small Coriolis
flowmeters are particularly susceptible to errors caused by the density of the
measured material. For purposes of this discussion a small Coriolis flowmeter is a
flowmeter that has flow tubes with a diameter of .130 inches. Anexample of such a
20 flowmeter, is the CMF 010 Coriolis Fiowmeter produced by Micro Motion INC. of
Boulder, Colorado.

FIG. 2 is an illustration of a plotting of error in flow rates of materials having
varying densities. Line 201 represents error in uncompensated flow rates as the flow
rate changes for a material having a density .9957. Line 202 represents the error in

25 uncompensated flow rates as flow rates change for materials having a density of
.9488. Line 203 represents the error in uncompensated flow rates for material having
a density of .85284. Line 204 represents error rates of uncompensated flow rates for
a material having a density of .78522. Line 205 represents the error in
uncompensated flow rates for materials having a density of .90452,

30 As can be seen from FIG, 2, material having densities proximate to 1.0 cause
less percentage error. While densities that are not proximate 1.0 tend to have a

percentage of error that is greater than .1 %.
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I f the cal cul ated density does not surpass a threshol d densiz Febrtitng 2005
unconpensated flow rate nmay be returned in-step’420. Alternatively, since
it is known 2D that a |inear density conpensation may be sufficient, a

density conpensal R g%yp%f Art ep eskilsd ot Art BaATcRPANgahbRiRsi tRashRp
411. A conpensated f? wTrate is then generated in step 412 by applyi ngrthe
| i near demstigrgxiooafgetos dtdzusef achwll ﬂw%mt&pmﬁmmmwa@/\%imm@te&n Steep

et Ur ned RREERH vE850 SBTERE L IOW T2(® PRSP THOUS MRS €l oA felp P¥A 1
A net hod r i a flowrate of a material flow ng through a
vi bratin e}%%éo?ﬁ;z%%ﬁowlf%@? the nmethod conprising the steps of:

recei i ng (30IJh&idensits cbngj)nrmrmanrfactol%ayltﬁbst:mcafétbded any efilde \fohowinigng

5 conduit; calculating (30 an unconpensated flow rate of said nateri al
from sai dnanngral & locklpioaedmpensatinnsiaciorsbasar ¢peatuncaoanpensateddiaw rates,

onld dencPiiParlii A8l S & Rt bR L phR o TEM S sin s e it Bl 2
sur passi ’E\Qo%i%_ga&il&hﬁﬂlé%fis Lféerg%urxd@ﬁﬁsmdﬂ dradted AefemphhY neASPABNFEION

factor from said unconpens flow rate and non-linear 1nformation
rel at i ngQrenskitlgd tio thee aot will recboizer that ptherddatal fitiha methodsoagy daluasi g

conpensated flow rate by applying 15 _said density conpensation factor to
sai d1%ncgﬁ$%ﬁ§ﬁ@éﬂeﬂﬁaﬁﬁ¥ QP@Epeé'ﬁgt'?‘éﬁ)‘%ﬂ%i ve to said density not surpassing

sai d t hreshol al ‘ nutt| : ] OW, ' i .
conpensat ed bjh\séairgﬁggﬁg%]@ygggﬂn%%ﬁsé%rﬁ%ﬁﬁf f?izt‘i"?t gllr&w é‘é&?r}%nrﬁggrﬁm%%oéjs?g&? of
claim 1l pbepensataiite tfiowe shiel thrvatroms, caosgd ibyedemsitieHiAS, ¥ane 4ofliubkt@ass.

3. The method (300) of claim1l further conprising the steps of: responsive

to sai d abersptiye yocessefadei REPWANG 3 fiovs FIPdNFUENa degsHECOMPANFRIQUIN )
a linear ,gen3bh¥e CAPHRSHSAE RERRSNS TR 51BELss ilustrated in FIGS. 3 and 4 are

15  executed by meter electronics 150 or by a secondary processing unit which receives
data from meter electronics 150. Process 300 illustrated in FIG. 3 is a first alternative
embodiment in accordance with the present invention. In process 300, every flow rate
measurement is compensated for density in the following manner.

Process 300 begins in step 301 with signals indicating mass flow rate being

20 received from the sensors affixed to the vibrating conduit. One skilled in the art will
recognize that these signals may be the analog signals received directly from the pick-
off sensors or the signals may be digital signals representing the phase difference
between signals from the sensor. This is a design choice and varies depending onthe
type of circuitry used to perform the process.

25 In step 302, an uncompensated flow rate is calculated. The flow rate is
calculated in a conventional manner well known in the art and a description of fiow
rate calculation is omitted for brevily and clarity.

A density compensation factor is then determined in step 303. The density
compensation factor may be determined in many different manners. A first solution

30  would be to maintain a memory that stores a flow rate and associated compensation
factor or compensated fiow rate. A simple look-up could then be performed to

determine the compensation factor or compensated flow rate,
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unconpensated flow rate and linear information relating errigriebreary 2005 r at e
to density; and calculating (412) said density ‘conpensated flow rate by
applying said |inear density conpensation factor to said unconpensated fl ow

te. 30 4. The nethod (300) of claiml wherei ) i
a1 0 density conpones MENTRoRo EaRIINg SLopRenpai AR LI

2005 | nseLiLng, SBheHISOMREINA S S e S NEwaLOsTb RitieNo e ecpoatian and

equat i on©f owTtate error data wherein Nis greater than

1. 5. Th (300 o@berbalion fadtor ishdatennimedi sing the step of: 5
perform %gﬁggaﬁggrd@? cu?ve fit of said density . to flow rate erreorgaﬂg{..%f
u

wherein N is dtoeder, &lisst ardepcaeeditdoss NOLiPEOWES ARSCCHE G TGRSR ation.
6. Th t hod (300 f cl.ai ' ' Ji ' d
Curves 1| Thadaia : Dedrefors: s Areletdtfs ¥ BehBldle s feREBiREMAAmIBINEder
7. The %gggp{ﬁ%&m@d @é@it?‘répﬂé%@’nj?itﬁb Bbepeakatich ftoT HEherENbOMAESGEY edf

claim1l Step of determ ning said densi t%%15 conpensati on,.
factor cagwrisieds then shestef intortberequajiosatad salvedapdhe stensity | INPEREALRR

idd [ [ di [ l.. . der. ) ' : '
donsi vy Taston. da proEerEed SRBAITROT S EAAT TS I ATE oo BY ey aEb e s
et hod (300012 &4 BIALAL Wik RiliyPoRRIeduaRiohheustepHalveveerdrs skiffgdin

di mensi o rve ensity and sai d unconpensated fl ow

rateyd o gatal redsyrial thahotisherd erldemuations may beusedbansd UPBDENSACEFAF¥n 9
whereln said steg of performng said two 25 di mensional N order curve fit
conpri sesf theerestgp. of : performing a | east square curve fit of data for said

unconpensat ed“]: ltl%v rgr%{’eerred embodiment, it is determined that the following 4" order

equation best fits the data.
4

DCF = a, + am+ a,m’ + a,m’ + a,m
where:
a, = +.9983;
a, = +.0052;
15 a, = +.0094;
ay=+.0051;
a, = -.0008;and

m= uncompensated flow rate

A second method for determining a compensation factor is accomplished using

a two dimension curve fit to a N order polynomial. A two dimensional curve fit is a
curve fit for two variables of data. In this case, the curve fit is for mass flow

20 represented by m and density represented by d. In a preferred embodiment, a least
square fit of density and mass flow rate to the compensation factor. Through

experimentation of fitting data fo various polynomials, it has been determined that a

12




and said density to determ ne said two di nensional N order 1yofabtieary 2005 11.
Meter electronics (150) for a Coriolis flowreter (110) having a processing
30 unit that (500) provides a flow rate and conprising: instructions for

axed o SoabeaRErE R oy Ry S g R e e e

an uncommgpsd RetHe! BN wLe@latiri:d material fromsaid signals; calculate a
density of said materi a?{gﬁrgjm said signals; and a nedi a readabl e (550} by

said processing unit that stores said instructions; said neter electronics
characterized by said instructions directing said 5 processing unit to:

det er m necomtpenbasionsadtar Tegs (4, BUr (Fasded a t hreshol d val ue; responsive to
sai d densjty_surpassing ,sai | d;yval ug 2 Lgne ra dghsity
conpensat’ §n" f"ai?g 4 "f'?gr‘ﬁ é?@ﬂ%ﬁ% éngét%léblggl gﬁaﬁa{aewarggg not?—sl i near

i nf or mat iWkereel ati ng density to errors in flow 10 rate, and cal culate a
density coggensat ed flowrate byﬁ a%gl,yi ng said density conpensation factor
to said thdorbefst 8o 1%\fs L6 " AHG>r esponsi ve to said density not

sur passi ng- saksflbwreshahdl val ue, output a flowrate that is not density
corrpensat{_dd % said density 15 conpensation factor. 12. The neter

el ect r oni%sy ‘5%) of claim 1l wherein said threshold val ue conprises a
density value of 1.03D. 20 13. The neter electronics (150) of claim1l
wherefn said instructions further conprise: instructions for directing said
processi ng unigfteri08)ddn@ity (cosmsdrsd ationt fackaiisl ditersningd intsteuBdds tha geoslty
threshold value, determne a |inear density conpensatign factor from said
25 unconpempensation dactpaiseapplied B umfﬁﬁrap%ﬁitsa fF'@F%ﬁPWdag‘? SEENEREE Dw

bl yi ngdsanty o meAnaE e Ry dsp e I S H0 S A e B et ed 1 ow
rate. Process 400 illustrated in FIG. 4 illustrates a second altemative embodiment for
10  providing a flow rate compensated for errors caused by density. Inthis embodiment, a
density compensation factor may not be applied to the measured flow rate if the
density of the material is within a range of densities that do not add unacceptable error

to the measured flow rate.
Process 400 begins in step 401 by receiving signals indicating mass flow rate

15  from sensors affixed to a vibrating conduit. The signals are then used to calculate an

uncompensated flow rate in step 402. The flow rate is calculated in a conventional

manner well known to those skilled in the art.
In step 403, a density of the material is calculated from the signals from a conventional

or well known equation such as:

20 Pzié:?z(fz"fclz)""ﬂ
2 |
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30 14. The neter electronics (150) of claim 11 wherein sai di7Feltrvarg208hs to
determ ne said density conpensation factor conprises: instructions for
directing said processing unit (500) to: 17 17 February 2005 insert said
unconpensaigdrd | ow rate into a N order polynom al equation relating density
to flowrate error data wherein Nis greater than 1. 15. The neter

el ectroni cs (150¥% demsity af maigridgher ei n sai d instructions further 5 conpri se:

instructions for directi ai rocessing unit (500j.to: performan N

order curve fi t?:Graesity Q?%h@ﬁskg ‘f)’nfma%qagtg@cbﬂsowg@&a wherein Nis

greater than 1 {qQ ] ' A & uation. 10 16. The
pés_- (?%% of;beg?gc?'ﬂqd %’g@wﬂ%aﬂéﬂay 08h s Af

-meter el ectront wnereln said instructions to perform

sai d Njorder cu,eechhdtanpopihiesirst kiowhmoatsriahsutibesdiatect i ng said
processing unit (500) to: Tperforma | east squares curve fit. 15 17. The
meter el ect r onikes CaBHENLET hiesanond karwrMAtRNaLSHES23 air §NdThe net er

el ectronics (150) of claim 1l ei lid, instructions to determ ne said
density conpensTaT e ‘?a‘?ﬁqmajné’gﬁ%ﬁﬁgﬁﬁ% tuctions for directing said
processing unit (500) to: 20 insert said unconpensated flow rate and said
density into a two dinensional N order polynom al equation relating density

to flow rate epfer thiatansityds ealcuiied, heemi@iatedatensity icompareddoes threshold

| ect roni 150) of claim 18 wherei id ipstructi furt 25
Comprithe: GeRaIDYBHPBAD RNaISeBHD MGy SMBeT B EErHip aen s BlyP1A0 95875, m

e o CHBB 8ks DB AR Jlot], B pan o0 il icesninested
el ectronig® 4450) of claim 19 wherein said instructions to
If the calculated density surpasses the threshold density, a density
compensation factor is determined in step 405. The density compensation factor is
15 determined in the manner described above in step 303 of FIG.3. The density
compensation factor is then applied fo the uncompensated mass flow rate and a
compensated mass flow rate is generated in step 406.
If the calculated density does not surpass a threshold density, the
uncompensated flow rate may be returned in step 420. Alternatively, since it is known
20 that alinear density compensation may be sufficient, a density compensation may be
determ‘ined using a linear compensation in step 411. A compensated flow rate is then
generated in step 412 by applying the linear density compensation factor o the
uncompensated flow rate.
in step 420, the compensated flow rate calculated in step 406 or step 412 is

25 retumed and process 400 ends.

14



performsaid two di mensional N order curve fit conprises: itVketwodry@085f or
directing said processing unit (500) to: 18 17 February 2005 perform a

| east square curve fit ofdata for said unconpensated flow rate and said
density to determ ne said two di nensional N order polynomal. 19 /N </N
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25 determining (411) a linear density compensation factor from said

uncompensated flow rate and linear information relating errors in flow rate to density;

and
calculating (412) said density compensated flow rate by applying said

linear density compensation factor to said uncompensated flow rate.

30
4. The method (300) of claim 1 wharein said step of determining said density

compensation facior comprises the step of:
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and said density to determine said two dimensional N order polynomial.

11. Meter electronics (150) for a Coriolis flowmeter (110} having a processing
30 unit that (500) provides a flow rate and comprising:
instructions for directing said processing unit to;
recelve signals from sensors (105, 105') affixed to a vibrating conduit
(1034, 1028),

~
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calculate a density compensated flow rate by applying said

density compensation factor to said uncompensated flow rate; and
responsive to said density not surpassing said threshold value,
output a flow rate that is not density compensated by said density

15 compensation factor.

12. The meter electronics (150) of claim 11 wherein said threshold value

comprises a density value of 1.030.

20 13. The meter electronics (150) of claim 11 wherein said instructions further
comprise:
instructions for directing said processing unit (500} to:
responsive to said density not surpassing said threshold value,

determine a linear density compensation factor from said
25 uncompensated flow rate and linear information relating errors in flow rate to density,

and
calculate said density compensated flow rate by applying said linear

density compensation factor to said uncompensated flow rate.

30 14. The meter electronics (150) of claim 11 wherein said instructions to
determine said density compensation factor comprises:

instructions for directing said processing unit (500) to:
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10% ué& ()grehieXtAfh 1@!determine said N order polynomial equation.

10 16. The meter electronics (150) of claim 15 wherein said instructions to
perform said N order curve fit comprises:
instructions for directing said processing unit (500) to:

perform a least squares curve fit.
15 17. The meter electronics (150) of claim 14 wherein N equals 4.

18. The meter electronics (150) of claim 11 wherein said instructions to

determine said density compensation factor comprise:
_ instructions for directing said processing unit (500) to:
20 insert said uncompensated flow rate and said density into a two
dimensional N order polynomial eguation relating density to flow rate error data

wherein N is greater than 1.

19. The meter electronics (150) of claim 18 wherein said instructions further

25 comprise:
instructions for directing said processing unit (500) to:
perform a two dimensional N order curve fit of said density and said

uncompensated flow rate to determine said N order polynomial.

30 20. The meter electronics (150} of claim 19 wherein said instructions to

perform said two dimensional N order curve fit comprises:

instructions for directing said processing unit (500) to:
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