16 Decenber 2003 STRAI GHT TUBE CORI OLI S FLOWETER Field of the Invention
This invention relates to a nethod and apparatus for providing mass flow 5
and density conpensation, as well as a density determ nation j§Dacé&hterizgtd
tube Coriolis flowreter. Problem Al Coriolis floweters require ’
conpensation to correct signals generated by the Coriolis force induced

di spl acenent of the vi brat$RAIEHHRUBEBERIOEEOWMERER s 10 represent the

phase difference between the spaced apart flow tube pick offs and are
i ndi cative of the material flofualdodabh lokentfibowret er. Curved and strai ght

tube neters t 5 ensation for the chan in elastic dul us of
the flow tubgR%v&nfl%ﬁtt?(gﬁng%ggqsu&eé mfrs%h?cﬁgnfjI%a(%Hg?‘?re‘?fﬂ(‘é%déﬁ%'F‘@sgﬁ@&s, t he
~ nodgl us adedeasitgsompanshtion et el R HBASIEPESFRRRIbH Ve a SHAMRANESEET on for
- the change in,the elastic 15 nodulus is easily achieved by use of a

t enper abGARISERWBIE®N the flow tube and the appropriate conpensation
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t enperature sensors; one on the flow tube and one on t ase or bal ance
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however, three independent sensors
the approprate compensation algorithm in the meter electronics.

_Straight tube meters have an additional problem in that the flow tube can be
put in tension or compression by unequal amounts of thermal expansion or
contraction of the various components of the flowmeter. Tension on the flow tube

20 makes it less sensitive to the Coriolis force while compression makes it more
sensitive. Typically thermal stress compensation has been atternpted using two
temperature sensors; one on the flow tube and one on the case or balance bar.
The problem with the use of two temperatures sensors is that there are at least
three major components which can have an impact on the thermal siress of the

25 flow tube. If the second sensor is on the case, then the impact of the balance bar's
temperature is not taken into account. Likewise if the second sensor is on the
balance bar, then the case temperature is not taken into account.

The use of three independent temperature sensors would be an
improvement over two temperature sensors, however, three independent sensors

30  would require three pairs of wires from the sensor to the meter electronics. Extra
wires can be expensive if the meter electronics is far from the sensor.
Furthermore, compensation algorithms would be required to apply the approﬁriate
weighting factors to the various temperatures, since the case temperature does not

have the same effect on the flow sensitivity as the balance bar temperature.
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same temperature as the temperature of the flowing material. In the thermal
transient condition, the flowing material has a sudden change in temperature, such
as when the flow is first started. Under this condition, initially, the balance bar and

20 the case are likely to have the same temperature as the environment. The flow
tube has the same temperature as the flowing material. In general, flowmeters
experience both thermal transient and steady state conditions. The balance bar
temperature starts at the ambient temperature and slowly changes to the
temperature of the flowing matenal.

25 The compensation algorithm of the Flecken fliowmeter must make an
assumption regarding the balance bar temperature since its two temperature
sensors are on the flow tube and the case. [t therefore cannot distinguish between
steady state and transient conditions of the balance bar temperature. This is a
problem since the two conditions produce different stress in the flow tube and

30 different sensitivity of the flowmeter. In the transient condition where the balance
bar is initially at the case temperature, both the case and the balance bar apply
force to the flow tube. In the steady state condition where the balance bar

temperature is nearly equal to the flow tube temperature, the balance bar helps the
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tenperature starts at the anbient tenperature and slowy changes to the
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provi de accurate_ther stress conpensation. It has a problem however,
- theory, provide accurate thermal stress compensation. It has a problem, however,
in that the means of measuring the length change in the flow tube are not as
simple or reliable as temperature sensors.
in addition to the flow measurement, the density measurement of straight
20  tube meters s also degraded by thermal stress. Coriolis flowmneters are known for
providing accurate density measurements of the flowing material. Density is
determined from the resonant frequency at which the flow tube is vibrated. In
curved tube meters, the resonant frequency must be corrected for the change in
the tube’s elastic modulus with temperature. Also, a correction has to be made for
25  the slight decrease in resonant frequency with mass flow rate as shown in U.S.
Patent 5,295,084. Straight tube meters require, in addition, compensation for
thermal stress of the flow tube. The flow tube resonant frequency rises as it is
tensioned and falls when it is compressed, like a guitar string. !f these frequency
changes are not compensated, a flow tube in tension will give an erroneously low
30  reading for density and a fiow tube in compression will give an erroneously high
density reading. The deficiencies of the prior art meters in determining the thermal

stress in the flow tube thus lead to inaccuracies in the density measurement.
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In dual tube meters, density calibration is done by measuring the tube

vibration penod of vibration (the inverse of frequency) with air and with water. The
tube vibration period squared is proportional to the material density. Thus a graph

20 ‘ of tube vibration period squared versus density yields a straight line. This line can
then be used to interpolate or extrapolate for other measured tube vibration periods
(corrected for temperature and stress) to determine the density of the material. Of
course, the straight line and the interpolation are all done mathematically in meter
electronics.

25 For single tube meters, the graph of tube vibration period squared versus
material density is not a straight tine because of the mass transfer with the shift of
the nodal regions. When the material densily increases, the nodal shift transfers
some of the increased mass to the balance bar so that the tube vibration period
does not increase as much as it would for a dual tube meter. Likewise, when the

30  matenal density decreases, the nodal shift transfers some of the mass from the
balance bar to the flow tube so that it does not decrease as much as it would for a
dual tube meter. The result of this mass transfer is that the method of using the

" straight line determined by air and water density for calibrations leads to errors in
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substantially free of influence fram the boundary condition mode component of the
sensed motion signal and further includes thermal sensors for determining the
ternperature of the flow tube and the driver.
20 EP 0759541A1 discloses a mass flowmeter converter which detects Ceriolis
force acting on a flow lube being alternately driven with a constant frequency about
its supporting points as a time difference AT between paired displacement signals
detected at symmetrically opposed positions and determines a mass flow
proportional to a time difference AT. The sine-wave signals having different
25 phases at a constant amplitude which are outputted by paired detecting coils are
used for forming respective input signals which are pulses having specified pulse
width values being equal to a leading time (T+AT) and a lagging time (T-AT) and
having specified wave height values (T+AT) and (T-AT) respectively are
determined as input pulses. N pieces of pulses (T+AT) and N pieces of pulses (T-
30  AT) are sampled simultaneously into respective integrators having the same time
constant, the respective charge after being charged are discharged by using a
reference power source with measuring a time difference of zero-crossing voltages

and a time difference signal enlarged by 2N times is detected. Thereby an



mass flow rel ated conponent of the signal of a Coriolis flowreter
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method and apparatus of the invention which provides thermal stress
compensaticn for a straight tube Corioiis flowmeter. The present invention

20 overcomes these problems by the use of a single temperature senscr on the flow
tube, as in prior art meters, and a network of temperature sensors on other parts of
the meter. The flow tube sensor serves two functions. One function is to provide
the temperature used to compensate for the change in stiffness (elastic modulus)
of the flow tube with temperature. The other function is to provide a reference

25 temperature for the calculation of thermal stress to cdmpensate for its effect on
flow sensitivity and density. '

The thermal stress compensation of the invention functions in conjunction
with velocity sensors (pick offs) affixed to the flowmeter flow tube. The flow tube is
vibrated at its resonant frequency during conditions of material flow. This induces

30  Coriolis deflections in the flow tube that are detected by the pick offs. The phase
difference between the signal outputs of the two pick offs is proportional to the
material mass flow rate. The resonant frequency is inversely proportional tc the

square root of the material density. The pick off phase delay and resonant
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16 Decenber 2003 accurate sensitivity mass flowrate is attained w thout
using a special clock pulses, Furthermore, a small tinme nmeasur enéddecempesr2003
due to drifts of the charging- djscharging circuit which are charged with
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and g Seﬁ'%'ﬂgﬁa‘i%'éﬁgfty f N ARASHUEIFIh ﬁ&f’];&r@er ature of the outer tube. 10 It
can therefore be seen that a conpensation arrangenment for a straight tube
fl owret er cannot provide accurate flow and density information if it is not
based on accurate thermal information concerning all the major conponents
of the flowreter. It also cannot provide accurate density information if
it does not take into account the non-linearity of the density versus tube
vi bration period squared 15 relationship Solution The above problens are
sol ved and an advance in the art is achieved by the nethod and apparatus of
the invention which provides thermal stress conpensation for a straight
tube Coriolis flowreter. The present invention 20 overcones these probl ens
by the use of a single tenperature sensor on the flow tube, as in prior
art neters, and a network of tenperature sensors on other parts of the
meter. The flow tube sensor serves two functions. One function is to
provide the tenperature used to conpensate for the change in stiffness
(elastic nodulus) of the flow tube with tenperature. The other function is
to provide a reference 25 tenperature for the calculation of thermal stress
to conpensate for its effect on flow sensitivity and density. The thernal
stress conpensation of the invention functions in conjunction wth
velocity sensors (pick offs) affixed to the floweter flow tube. The fl ow
tube is
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vibrated at its resonant frequency during conditions of material flow This
I nduces 30 Coriolis deflections in the flow tube that are detected by the
pick offs. The phase difference between the signal outputs ofigifagehi® 28b$K
offs is proportional to the material nmass flow rate. The resonant
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density. The Ipi ck off phase delay and resonant 5/1 16 Decenper 2003
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parts of a Coriolis flowreter. The present invention provides thernal
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both steady state and transient, between the flow tube, t al ance bar and
t he fl oM¥eROTLRO¥IdesAt leashang leshPgrabve dessat on thestlow uba ang durdiven e sensor
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case end element of the flowmeter.
In accordance with the invention, a temperature sensor on the flow tube is
connected by a pair of wires to the meter electronics to provide flow tube
temperature information. The other sensors, including those on the balance bar
20 and on the case, are connected in a network. The network is afso connected by a
pair of wires to the meter electronics. The temperature sensors on the flow tube
as well as those in the network can be RTDs, which are resistors that increase
resistance with temperature. The meter electronics applies a voltage via one of its
two wires connected to the flow tube RTD. The other wire serves as a return or
25  ground wire. Likewise, the RTD network is supplied with voitage from the meter
electronics via one of its two wires; the other wire is the RTD network’s retum or
ground wire. The ground wire of the flow tube temperature sensor and the ground
wire of the network of sensors can be combined at the flowmeter so that only three
wires are needed to transmit temperature information to the meter electronics. The
30 resistance of the flow tube sensor and the resistance of the sensor network are
determined in the electronics from the current in each circuit using Ohm's law.
In one embodiment of the invention, one sensor is mounted on the flow tube

as in prior art. In addition, a sensor is mounted on the case wall, another sensor is
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case end elenent of the flowreter. In accordance with the invention, a
tenperature sensor on the flow tube is connected by a pair of wires to the
nmeter electronics to provide flow tube tenperature informati 9gDeddigoPbOs
sensors, including those on the bal ance bar 20 and on the case, are"
connected in a network. The network is also connected by a pair of wires
to the méfdhedndehibriRalanceban anfhaiilbanetbessensords on thdeifitlevofithbe as wel |
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signal to accurately predict a change in flow sensitivity of the meter. The location
and number of temperature sensors in the network is critical. Meter elements
which have a high impact on the thermal stress in the flow tube, such as the
20  balance bar, might have several sensors. Elements such as the flanges have no
impact on the thermal stress in the flow tube and they have no temperature
sensors. The case temperature has an intermediate impact on flow tube stress
and it has an intermediate number of sensors.
7 A flowmeter element's impact on flow tube stress is proportional to how
25  much force it can apply to the flow lube. Force from the balance bar is applied
directly to the active portion of the flow tube by way of the rigid brace bars. Force
from the case is applied to the inactive portions of the flow tube and is divided and
resisted by both the active portion of the flow tube and the baiance bar. The force
exerted by the case thus has less impact than force exerted by the balance bar. In
30 °  order for the sensor network to output a temperature signal representative of
thermal stress, it is necessary to weigh the importance of the balance bar more
heavily than the case. For instance, if the balance bar temperature has twice the

effect as the case temperature, two sensors can be put on the balance bar and



10 connected or coupled. Instead, the network of sensors represents
conposite thermal information that is used by the neter electronics to

conpensate flow and density output information. Since the th{gp.s&aipr603
are connected in series, the output signal of the network does not
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it is necessary to weigh the inportance of the balance bar nore heavily

t han t h&legseebalpgee pasiatnat the flowabpaxperensas neaxjailaadire has twice the
SrCS! 8%, RReBHER ATRBLN Aind HRIGHORAIG, FrENAR Bihaliel Mpipnrce, b
seriifes gowgenshtion, dbabveragapenmenatirg obaicsraporgnt nMistites uged tee total by
e Ot Bl Pl SySa ] Gl GIRFRAIAES WY S oy6sn LR gk o o
average temperature. An RTD near the end of the balance bar would register a
change in temperature quickly after a change in fluid temperature, but the
temperature of the center of the balance bar might lag the end temperature by
20 hours. Having two RTDs on the balance bar in series, one in the center and one
near the end, gives a much more accurate representation of the average
temperature and thus the expansion of the balance bar. Four RTDs on the
balance bar and two on the case would give an even more accurate representation
while still keeping the two to one weighting. Or, if the relative importance of the
25 balance bar temperature to case temperature were some other ratio, the
appropriate number of RTDs could be placed on each member.
Yet another advantage of the temperature sensor network is that the entire
network plus the flow tube sensor only requires three wires {(using a common
ground wire) through the case feedthrough and to the transmitter. This is important
30 because of the cost of the wires. The present invention does the proper weighting
and averaging in the RTD network rather than transmitting all the individual

temperatures to the electronics for processing.



case. In the neter electronics the weighted average network tenperature is

then 5 subtracted fromthe tube tenperature for the tube stress 16December2003
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elements exclusive of said flow tube for generating a third signal representing the
composite temperature of said piurality of additional elements of said {lowmeter;

20 said third signal is generated by connecting the outputs of said additional
sensors to form a network having an output that extends said third signal to meter
electronics of said flowmeter.

using said second signal and said third signal to derive information regarding
the thermal stress applied to said flow tube by said plurality of flowmeter elements;

25 using said information regarding said thermal stress applied to said flow
tube to compensate said output data pertaining to said material flowing through
said flowmeter.

Preferably the step of generating said second signal comprises the step of
obtaining a signal representing the temperature of said flow tube from said sensor

30 coupled to said flow tube; and

wherein said step of generating said third signal comprises the steps of:

connecting the output of said additional sensors to form a network;



8 16 Decenber 2003 The present invention applies the - flow tube

tenperature and the conposite tenperature of the series sensorsl@Dewmber 2003
the tinme del ay between the pick off and the resonant frequency of the flow
Lube to i mpr o EHALE P FOligRa! SRR8TE 91 SRinadienio cambatediulei ons

cal cul at : ' ] [ \Yi pLd.QL. art
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flow tube and a, bal ance har that are adapted, when in use, to be vibrated
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first sigombosibptersperaturg dfisaidGouiaity sf elefriemts irorespohss & thevidoegttbpg f | ow

tube; operatin sensor. coupl ed. tq sai.d flow tube for generating a second
i ona *Satnetedeiig sihe anrlerduird aroBing! PRt ube: sai d et hod
further conprpagsapAPesitpinaligdstidianals cAnsMSssi8Walattd Bardard giigl ity of
additional flowreter” elenents exclusive of said flow tube for generating a

third sicmsd; andpyadd etep ofgcaupding ceidpadditienal egpeorst aomprifessthedtepsiofal i ty of
addiéi onal el errqeﬁr;.ts oé gai d flpwmeter' 20 said third signal is generated by
conilcti ng t hEPHRING 7 UshSedsPHloSRIY CAS®al  sensors to form a network having

an output th ; IoGh st ' I r 4 electronics of said
p aéodéﬂﬁs'nginag%ﬁ o‘i‘lg Sinkdr Fﬂ MAblghiBb &F

flowmeter. usin second signal and said third signal to derive
i nf or mat i on rezmedting outprds theaiddirststaress aagEaick dt ltaskanel afldibonalube by said
ments; 25 using said information regardi ng said

pl ural i tgqof fl 3vvmater. el
t her mal NsQE o ﬁﬁl‘i%dﬂ"& Ak flow tube to conpensate said output data
pertaini ng t opgAdGLIRS A stdp bf AMTRG:LHTOUENtput of said additional sensors

15 comprises the step of :
connecting the outputs of said additional sensors in series to farm said
network.
Preferably the method and apparatus includes the step of extending said
network over at least two conductors to meter electronics.
20 Preferably said step of compensating comprises the step of generating
corrected output data pertaining to the mass flow rate of said material.
Preferably said step of generating corrected output data comprises the steps
of:
determining an uncompensated Coriolis deflection signal,
25 deriving a modulus compensation;
deriving a thermal stress compensation; and
using said uncompensated Coriolis deflection signal and said moduius
compensation and said thermal stress compensation to derive a corrected mass
flow rate.
30 Preferably said step of generating said uncompensated flow rate comprises

the step of solving the expression

FCF (At —At,)

mMeds

10



said flowreter. Preferably the step of generating said second signal
conprises the step of obtaining a signal representing the tenperature of
said flomh%#g . from said sensor 30 coupled to said flow tubejg paenrenedn
said step %enerating said third signal conprises the steps of:
connect i ngcrhe aut pebwoCaltatoadictdronal sensors to forma network; 9 16
Decenber 2003 the outputs of said additional sensors are connected to
contributeso the TRENdédeSefcksstt dighhlsrd signal in proportion to the
stress inpaft®d by each of "their associated flowneter elenents to the
total thermal stress appljed by all of id elenents to said flow tube; 5
obt ai ni ng2dai d tFi r dmg gelay aﬁ?éfﬁ %t%rﬂﬁ@@f” of said network representing the
conposite tenperature of said plurality of elenments in response to the
recei pt by said network of said signals applied by said additional

sensors. Preferably said plurality of elenents conprise said bal ance bar
and said case; and said step of coupling said additional sensors conprises
the steps of: 10 coupling a first sensor to said case; coupling at |east
one sensor to said bal ance bar; connecting outputs of said first sensor and
said at | east one additional sensor to formsaid network. Preferably said
step of connecting VI- output of said additional sensors 15 conprises the
step of : connecting the outputs of said additional sensors in series to
formsaid network. Preferably the nmethod and apparatus includes the step
of extending said network over at |east two conductors to neter

el ectronics. 20 Preferably said step of conpensating conprises the step of
generating corrected output data pertaining to the nmass flow rate of said
materi al .

10/1



Preferably said step of generating corrected output data conprises the
steps of: determ ning an unconpensated Coriolis deflection signal§De&mber 2003
deriving a nodul us conpensation; deriving a thernmal stress conpensation;
and usi ng sai dralp@bhperd steoCieingng saigenpaels 6amegsalion sampaisas teul us
conpensation .and, saj'd thernal stres% Sorrpensati on to derive a corrected
mass f | Y&Piselvinghthe e sHiry (S’%jld step of generating sai d unconpensated
flowrate conprises the step of solving the expression FCF (Atn"" - At0)
10 Whereywhegd = Flow Calibration Factor At.,= = Time delay of pick off
signals AtO = Tinme delay at zero material flow 16 Decenber 2003 10/1 16
Decenber k§?03 Pr efleterltoysmt dastepnathadigeiiv flow tabe themdud withconpensat i on
conprises'the step of solving the expression (k,,, , Tf) Wiere: kfi, =
Met er constant based on change in flow tube nodulus with tenperature Fl ow
tube tenperature PPEWPEABIS said step of deriving said thermal stress

_(I:_orr}r?r;a;lsa 'e(rjg_ Coznprfilaﬁstubyf’gmﬁéﬁa%% solving the expression (kfr, (Tf -

Preferably said step of deriving said thermal stress compensation comprises

the step of solving the expression (k ,,(7, - 7,,,))

Where:

k = Meter constant based on change in thermal stress with temperature
T, = Flow tube temperature

T = Temperature of network sensors

Preferabiy said step of deriving density compensation comprises the step of

solving the expression & ;- (7, — k)

Where:

kﬂ3 = Meter constant for density effect on flow

7, = Temperature compensated tube vibration period

k. = Tube vibration period constant determined at time of density

calibration of flowmeter
Preferably said step of generating corrected output data comprises the step

of deriving a corrected mass flow rate by solving the expression:

m=FCF (AL, — AL)-[1+ (kg - TOL- [+ k(T = T [+ Ky - (7, — )]

Where:

m = Mass flow rate

1"



Met er constant based on change in thermal stress with tenperature Flow

tube tenperature TO,,, Tenperature of network sensors Preferably said step
of deriving, density_conpensatio nmprises the step of sol vi i@pkASnber 2003
expressi oA ff;~ (?@P"’nga%lp-r%orfl\%&&gr: kf* = Meter constant for density

effect on flow T~, = Te rature c ated tube vibration period k, =
Tube vi br a}.an pﬁrigﬁn%gﬁ%[yaqtp'@b?@g&%%zsd at time of density calibration of

flommeter Preferably said step of generating corrected output data

conprises Ahe step Tphe deldyatngrantnenadioed mass flow rate by solving the
expression: "meFCF(At..-CLto)-[1+(kfITf)]-[1+kf,, (7 -7 m] [t+kii 3-k,)]

Where: in = Mass fl te 11 FCF = Fl | i £ Decenb
2003 Al g = TrmeNFeERonstapeegian Qi & TRpb B dU i 7C

material flow kf,| = Meter constant based on change in flow tube nodul us
with tenperature Kkidmperaliteer constant based on change in thermal stress
with tenperature k f, = Constant for Density effect on flow k, = Tube
vi brat i on jper i od=copmdténtortieamtbisedcbrathargeindheaalsitigss vt lamREBBAC of
flowneter T = Flow tube tenperature 7' = Tenperature of network sensors
TI'C .
73 = Constant for Density effect on flow
K, = Tube vibration period constant determined at time of density
calibration of flowmeter

1} = Flow tube temperature

7o = Temperature of network sensors

T = Temperature compensated tube vibration period

Preferabiy said step of generating corrected output data comprises the step

of deriving a corrected mass flow rate by solving the expression:

m=mu 1+ MOD,, 1-[1+STRESS 0,1+ DENSITY,,,.)

Where:

m = Mass flow rate

Mun: = FCF(Atmeas - Ato)

MoD,,, =k, T,

STRESS,,, =k (T, - T,,)

DENS]TKW - kﬁ} '(rcr - kz)

12



Tenper ature conpensated tube vibration period Preferably said step of
generating corrected output data conprises the step of derivingié6December 2003
corrected nass flow rate by solving the expression: ]| m=nmom [ i + MD|

[ i + STRESS, Preferdbl bait leFNSf tomp¥hesttg iAciad¥BIte blepyof @ ing 86
FCF(Atmecrs - Ato )[ CE1 T STRESSY o, EPIOTARIAY, rre'cted Tom

DENSI T1 QutﬁukdaﬁaﬁeQ@fdan ”Re}’ej"LQtYl‘Ef a:aé@etﬁiemaizoos Preferably Zal d step Sf
Che denei ty of FIeRrat Brsdh P pllarift sl BT LT Flp PeuRiind el Peact ea

out put diatRuideg g i sfensity incl udes the steps of: configuring said
flowreter to i nput constants from nenory cal | brating said flowreter to
derive const afRMIIUGEESAA APWEEeT t@h@@#ﬁé}rﬁ@é&@ﬁ PFbWETAY; determining a

conpensated t @rﬁﬁ{qm%d%ﬁ‘frﬁ&%?% {j@rrvé J:f?ﬁ(%antgm erm ning a tube period

corrected for ul'us, and's etéermning a linear density

equation; detdgstaiminig andincbmpentald flowpeatperi od equal to the difference
bet ween sai d conpensat ed tube period and a fl owneter constant Kk,
det er mi ned dudetaENAETERCPMNansalast iubR Remogaarraatesiasfion: nul tipl yi ng said

| i near densit + p t er const ant
c, tines the %’e&%ﬂﬁg dﬁgé@%bgﬁ?ﬁg&égﬁﬁé'f&ﬁ rrngngog gﬁ?%tregg’oduct of a
fl owret er corddtemhiniy & ilinesr dengitydiduatioant i aI tube peri od.

determining a differential tube period equal to the difference between said

cormpensated tube period and a flowmeter constant &, determined during density

calibration of said flowmeter;
multiplying said linear density equation by the sum of 1 +the product of a

meter constant ¢, times the square of said differential tube period + the product of

a flowmeter constant ¢, times said differential tube period.

Preferably said step of deriving corrected output data regarding density of

said material includes the step of:

configuring said flowmeter to input constants «@,,a,,¢,,¢, and £, from a

memory of said meter electronics.
Preferably said step of deriving corrected output data regarding density of

said material includes the step of;

calibrating said flowmeter to determine constants ¢,,c,,f,,k, and Af,.

Preferably said step of deriving corrected output data regarding density of

said material includes the step of:

determining Muwe = FCF(At ,, — At,)
Where:
FCF = Flow Calibration factor
At = Time delay of pick off signals

meus
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Preferably said step of deriving corrected output data regarding density of
said material includes the step of: configuring said flowreter to input
constants a, , a, c;, ¢4 and F. froma menory of said neterigheednisen 2683
Pref er ablgmsal d=sté|’|mrnefdedw,ratvzmgﬂ§)@rrect ed output data regarding density of
said material includes the step of: calibrating said flowmeter to determ ne
constants ¢, phremplySaidstefsf frRing Erré@sabliputdats sigapdiaf diesity ohg
corrected out put (§ regardi ng density of said material includes the step
of : det ers’ﬁldﬂrrleQeniatlmmUdes wertepcin, "s - Ato) Were: FCF Fl ow Cal i bration
factor Atin,,, Time delay of pick qff signals 13 Ato = Tine delay at
zero flow 16 Decenb;@ncuwﬁfg er. f:erngmm saﬁ;d step of deriving corrected

out put data regardi ng densit of said material includes the step of:
calculating T 1- = zn, - n? - Fd Wiere: T fd = Conpensated tube vibration
period foWNeEss flow effect T Raw measured flow tube vibration period m =

Mass flow rate f&&"‘cﬂ?ﬁ%é tdﬁ&iqu‘(ﬁ)ergag (btenggqért A3ks ﬁ?@féﬁe%lpl y said step of

deriving €arrect rdarng densi ty of said material includes
the step of, calculating the expression zCP = ~Il+a, T. ; a, (T. - Tom
rii T = Raw measured flow tube vibration period

m = Mass flow rate

E, = Density flow effect constant

Preferably said step of deriving corrected output data regarding density of

said material includes the step of:

calcuiating the expression

(‘ [ —_—
T, = Ty Jita I +a (1, -1,,)

Where:

T = Compensated flow tube vibration period for modulus, stress, and flow
cp

Ty = Compensated tube vibration period for mass flow efiect
(#]

a & a, =Tube vibration period temperature comection constants for modulus and

stress
Ty =Tn™ ’ - F, =Flow tube vibration period compensation for mass flow
T = Raw measured flow tube vibration period
m = Mass flow rate
E, = Density flow effect constant

Preferably the step of deriving corrected output data regarding the density of
said material includes the step of calculating the deviation of the material density

from that determined by the linear density equation

14



Where: Tip = Conpensated flow tube vibration period for nodul us, stress,
and flow fd = Conpensated tube vibration period for nmass flow effect al &
a, =Tube vibration period tenmperature correction constants forg pesisbes 20
stress T fd = Tm - mszcq-z:jgl—ax@/)tube vi bration period conpensation for nass
fl ow Raw neasured fl ow tube vibration period Mass flow rate Fd = Density
fl ow ef fect constant Preferablty t he st eéo of derivin dg recte out t dat a
r egar di ngvheie @eanrd Cy 268 CORHPRISRAGE Fial® hr R sl Lﬁéepp%ﬁ’o ﬁﬁlldﬁj' ting
the deviation of the nmaterial density fromthat determ ned by the |inear
densi ty equat 'F‘?Q{?Hbl sBra sieb%fdecﬁlazrrg@arre%té@ommw re08inghdensitCof and c,
are constants an Iy he conpensat ed tube period squared Preferably
sai d st empatd mnallln@dﬂﬂtiw(ﬁteploéut put data regarding density of said

mat er i al |nclud%?the ste nodi fyi ng t he expreSS|onp1=(c r'r -
c_) to combi nd QPG the P?'H@ar conponents (1 + ¢3 (r~' - k,) 2 -- c4

- raP k2 VWher I; cP.= Raw neasure v d =
Cogrpensat ed)gleﬂwT e w‘b?%tlo '8d w]@}tfhﬁoq'\(ll&rf sdtor eﬁédeq{?séﬁgr”)ow

(1+ ¢ (TL-p - kz)z Ul (T.:p - k)

Where:
T = Raw measured flow tube vibration period
= Compensated flow tube vibration period for modulus, stress,
P
and flow
2. = determined material density
k, = Tube vibration period constant determined at time of
material density calibration.
C(>C55C5 ,&c4 = Single tube material density correction constants

Preferably said step of deriving corrected output data regarding density of

said material includes the step of:
calculating the density of said material from the expression

pm = (cl .Tc:‘lp —CZ).(]'_*_CS -(Tcp—kZ)z +C—I '(Tcp —kZ))

Where:

P = determined material density

k. = Tube vibration period constant determined at time of material
density calibration.

o, &c, = Single tube material density correction constants

Preferably the value 7, is determined by solving the expression:

15



A. = determned material density .k, = Tube vibration period constant
determned at tinme of material density calibration. cl1,C'c3,&4 = Single
tube’ material density correction constants Preferably said si@peSfmber 2003
deriving correctedrout put- dat +egar(di-ng Idensity of said material includes
the step of: c# cul &ti g the density of said material fromthe expression
Rm(cl TIP-c,)-(1+c3-(r -k2)2+c4.(ZcP - k2 )) Were: P. = determ ned
materi al ydesetty k., = Tube vibration period constant determ ned at tine of

material density calibration. & Cé = Si ggl ube material density
correctian-dpnstants PreP8m Yus RECGRT ?%}}is det erni ned by solving the

expression: 15 TLp =Td . J1 +a T. ~. +a., ' ('_1- - 1 orri 16 Decenber
2003 Were: ~at .~ Th = th e sebbsekeenofd@rekity a_ (T - 7'om = the
t her mal s‘fzr(els‘s—gfdfnéct onq(qgﬁg%y al and a, = are flowreter constants

pertaining to nodulus and thermal stress effect on densi referably said
PS%@”E?he step

. t P
step of dewindiag cor r ectesredlompnéted apastastfapeitaihingsadNe '“¥ﬂ8
and! &9
of solving the expression; p = (Densitylinear)[1 + c; (APeriodconp)2 + cy
(APeriodconp)] Wiere: Dedieddsydffaatan denBdnsity determi ned by |inear density

equat i on. . '
A Preferably said step of deriving corrected output data regarding density

includes the step of solving the expression;

p. = (Density,,, )1+¢ (APeriod,,, )" + c,(APeriod,_,,,)]

Where:

Density = Density determined by linear density equation.

linear

The term (APeriod_,,,) is the difference between the compensated tube
vibration peried 7, (for temperature, stress, and flow) and a tube vibration petiod

constant k, determined during density calibration of the flowmeter.

Another aspect compnses a method and apparatus operating a Coriolis

flowmeter to determine the density of a material flow in said Coriokis flowmeter: said

method comprising the steps of;

configuring said Coriolis flowmneter to determine meter parameters a,,d,,C;

andc,;
calibrate said Coriolis flowmeter for density of said flowing material using a
two point linear calibration method;

determine calibration coefficients ¢, and C, ;



| i near The term (6Periodconp) is the difference between the conpensated
tube wvibration period <<p (for tenperature, stress, and flow and a tube
vi bration period constant k2 determi ned during density cali bj@besumiet 2068
fl owmmeter. Another aspect conprises a nmethod and apparatus operating a

Coriolis fl .ne the density of terjal flow i i d
Coriol 15 1 ovaei & el iReF el Ry edPh eiremSEpambrinasont | gur i ng sai d
Corioliscfl t o2 det erpri ne, Ret e meters.al ., a2, C3 and c4;

cal i brat & <31 0 cor ol &t banve) (A SRHANEg! GHEabar Finiiin goRgleial

using a two point linear calibration nethod; determne calibration
coef f i ci ¢gMialiQn obsad gim callration b fihear; 2003 obt ai n a non- | i near

~calibration gﬁé&éQHE%id%mtEB @gﬁ&pnbi ning (I mac. (Tp-k,), + ¢, (Z -
[ I near cal 1 brati

k,)) with sa n curve to negate the deviation of said cfm
cal idration fd€B8irhit S Mp RS |t b rjod,~5 determne a
. conpensat ed tubgiﬁg)gr@i%;‘%onl}gi ng g&?ut;é‘ﬁeﬁ:%ﬁ PQ'QH 'aﬁdpge%'iéjrﬁome'f‘ﬁ density of
sai d- material , usi ng rsﬁai g no,n-Ig' near calibration curve. Description of the
Dr awi ngs The 93718 1e JeRYpY alRaid majedaliusineeaidmes-lifear iselibmtient i on ar e
best 1Q@uwaderstood when taken in conjunction with the foll ow ng
description thereof together with the drawings in which: FIG 1
illustrates cross section oPeacfiptomefdéhe ®randygeg t he invention; FIG 2

: lnl/g?l t |r g'ﬁl'es tT'?)% atdvetrdd gthg]; agvzflr%tggés ﬁ*nxf%g?drgg ¥:f tehrrepi%%rrlrggrg .'51?6]c bézshte
10 understood when taken in conjunction with the following description thereof

together with the drawings in which:
FIG. 1 illustrates cross section of a flowmeter embodying the invention;
FIG. 2 illustrates the circuitry of a first exemplary embodiment of the
invention;
15 FIG. 3 illustrates the circuitry of a second possible exemplary embodiment of
the invention;
FIG. 4is a graph of tube vibration period squared versus density;
FIG. 5is a graph of density error v.s. density;
FIG. 6 is a graph showing density error v.s. change in tube vibration period;
20 FIG. 7 illustrates a flow chart for the method of the invention that
determines material mass fiow rate.

FIG.8 illustrates a fiow chart for the method of the invention that determines
material density.
Detailed Description
25 FIG. 1 discloses a Coriolis flowmeter 100 and meter electronics element
130. Flowmeter 100 has a cylindrical case 103 which encloses flow tube 101 and a
surrounding cylindrical balance bar 102. Fiow tube 101 has a left end portion 101L
and a right end portion 101R. Flow tube 101 and its ends portions extend the
entire length of the flowmeter from the input end 107 to the output end 108 of flow
30  tube 101. Balance bar 102 is connected at its ends 105 to flow tube 101 by
circular brace bars 114. Circuiar brace bars 114 have a center opening for

. recei\{ing flow tube 101. Ends of balance bar 102 are also connected by a junction

17



15 FIG 3 illustrates the circuitry of a second possible exenplary

enbodi nent of the invention; FIG 4 is a graph of tube vibration period
squared versus density; FIG 5 is a graph of density error vi§peéeiset 2003
FIG 6 is a graph showi ng density error v.s. change in tube vibration

peri od; at 205 kb &n iAnéd éndsdf @isescomnebbinkshBt 0, Whichtdre thietigpes.ofhd tetet nvent i on
that: determ nes materi mass flowrate, FIG 8]‘%%ggtrates a_flow chart

I
for theeRdt ROBAE C?ﬂ'éeqtﬁ%%?f%ﬁo'i‘}?ﬂe 19 G e Fase 18én&Ach capet ai | ed

Descr i pLhRfecdBink1G0 dorfhin LASRR of pledid BddF 1 iowmet er 100 and meter
el ectronics elenent 130. Flowreter 100 has a cylindrical case 103 which

encl oses fl oGase@31itas ameand posion b2 BRERNGYY Rhwelt 321 Badhayinbaneto?  Fl ow

t ube. 10 S | . ' ' d-. [ . Fl ow
tund 10128 Reel L B oBPhEHaR i weoiq RrBn{ 1P hRAE PRI, St B &
f rom t hpetinpes oefidnd®1060Cbhe conhgttielement 983aé cirbwar af@ is pbsitidfdd Bal ance
bar 102 i s connect.ed gt@ its ends 105 tq fl ow tube, 101 by i rcul ar brace

bars 11withipithe imtgroppheicculareckperien d24 of Saserensheefiting 1f2§_r(=: Ié?’é?:ei ving flow
tube 1%%@&*%29%&&% e@ﬁ@rBa_émaggogéné;a;glfb@qeeewnfg:ﬁ@ﬁohix_1@11_%wm &7 16

Decenber 2003 at 105 to an inn case connect |inks 110, which are
thi n st fowsuberh@1 fiasercasmegst lirfk tHy and eoneciorineck 323 statviiambalasde bar i nner

berld 1107 a3 Fudt o B R Fop EVBRRS sbBgiFd TR SBBAERE Mo and i ng

a neck elembdts Rithaagpad taxhatase @dll 10Berefromto wel d el enent 122 which, in
turn, connects to neck 125 of flange 106, Cone connect elenent 123 is

ci rcul ar andFlangeolpe hamadrxiallyater siEacenl 88 a6 a5t incer epeaingdbek portion
124 of ﬁe@ees_%qipoantemémjé?&vm&?esaigﬁm\teé%fﬁomﬁba erd P SHionPepIng for

seal abl'y receiving portions 101 L a f flow tube 101. Case connect
| i nk 118nchihd1 R dmHaogari@6t Suakacst HIF isithe dutereiceurpiterence of flange 106.

15" Element 109 is the axial inner surface of flange 106. Elements 122 and 121 are
welds. Element 125 is a neck of flange 106. Element 105 is a junction at the end
of balance bar 102 as well as a junction of an inner radial leg of case connect link
110 and balance bar 102.

In a well known conventional manner, driver D and left pick off LPO and right

20 pick off RPO are coupled to flow tube 101 and balance bar 102. Driver D receives
signals over path D (not shown) from meter electronics 130 to cause driver D to
vibrate flow tube 101 and balance bar 102 in phase opposition at the resonant
frequency of the material filled flow tube 101. The osciflation of vibrating flow tube
101 together with the material flow therein induces Coriolis deflections in the flow

25 tube in a well known manner. These Coriolis deflections are detected by pick offs
LPO and RPO with the outputs of these pick offs being transmitted over conductors
LPO and RAPQ (not shown) to meter electronics 130. In a well known manner, the
phase difference between the output signals of the pick offs represents information
pertaining to matenial flow within flow tube 101, Meter efectronics 130 processes

30 these signals to generate output information that is apptied to conductor 137
representing the various parameters of the material flow. These parameters may

include density, mass flow rate and other material flow information.
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10 102 and, in turn, flow tube 101 by preventing undesired transl ati ons of
these elenents with respect to the case wall 103. Flange 106 has a axially
outer surface 138 and an inner opening that includes a |lip ehgmRBémbet 2003
whi ch seal ably connects flow tube end portions 101 L and 101R to fl ange

106, S 800 Hbimd G AU GG SNBSS S L3095, 40 Sl e 108

S the axial inner surtface o ange

El enent in&ntion iacordokleaf by ‘sammsﬂ)ﬁ SZEISIramd 845 Jehsar BUNsicopRedkgltde end
unction of an inner radial |eg of case

f bal b 2
gonngcf1 rﬁ%’lentk'%r 111)8 aﬂi’é"%f’%@%‘”ﬁ%e i’yppefature IRIrmation pves SENEHEOEH kB4 rranner
driver Rpandd efmhetr @l@c@ﬁd‘nlééa@@ngehhgﬁt82 283 ik sf S0 R %Dgn%ftfeocﬂlﬁ'%"lsg h

- flow tube 101 and bal ance bar 102. Driver D r'eceilves over
(notd shé@vfgmf a@mwk@avm@@mpyhp@adqqgra t32 and & 3 i This nBtWork tvarlmmtse fl ow

~of the. TiBAfiaiH BlfiEici Uecinice AR GIRR Wl buisshS T WivaH Bov tepet Lo
tube 1001t®gebjbetedniGdnduvtomtdls thk ddnwoh fge@@n@ wirtheaRsth §f RibkeS

deflections in the fl]ow 25 tube in_a well known nanner. These Coriolis
def | ect F‘%H%Ofaﬁ[’]‘e AL pebYal Bresewopths Thuspbathfiewdute sanseeSdangube of

these Do wht!seribe nBEN AAASIBsLRIISOVSE, BARSUIINS cdnBR: qsﬁporrggot shown)

to nmeter electronics 130. In a wel Enomn manner, the ase difference
betlfeenmimigizas thamusbprofcasductass ]b“laikﬂuistftsa eletplnded rthmugmf feetethiongh

pert ai ni WI w t ube ter el ectronics 130

pr ocessi‘agg%}%ﬂ-[ehe eié‘g%”r%% qg’?o &ﬁeﬁaetcg Hlﬁspﬂ]?y ﬁﬂ RS BR19931edi s appl i ed

to condtﬂmmelymm relsapceme{IMWmtérh‘ﬂ)OlamIls)déswﬂﬂélll’@hﬁﬁﬁmﬁé thdAufepbf al f1ow.
mass flow rate and other materi al

Th cl ude densi t
fl g\?vel ﬁ%% ?f‘aqaiéuﬁ‘é?%g'@??ﬂs té@e@éhfﬁed tivorghl 13k rersflewmstersi®iton

met hod @H&négaélﬁialt@d ﬁ-‘ietéhge@[rgﬁ%gte;em@ﬁpnt ion is controlled by sensors S1,
S2, S3, _and Sensor is connected to flow tube 101 and out puts fl ow

tub@ teﬁgﬁ_ﬁaﬂé’_ﬂﬂ_&mtlon over conductors 134 and 133 to meter

el ectroni ¢s #30circafiRP8f Sendfors B, F1E2>%4nd S KOINRGT 89 1B SCTHES tube

sensor S1 is connected between conductor 133 and common conductor 134.
Sensors S2, 83 and S4 are connected in series between conductor 132 and
common conductor 134. Terminail 201 is a junction of conductor 134 and sensor

20  S4 and sensor S1. Sensors S1, S2, S3, and S4 may advantageously be RTDs
having a nominal resistance of 100 ohms at a nominal temperature of 0°C. The
resistance of each RTD varies with changes in temperature by a factor of 0.39 ochm
for each 1°C change in temperature.

_ RTD S1 is mounted on flow tube 101 and varies its resistance as the flow

25  tube temperature changes. This resistance information is applied over conductors
133 and 134, through feed through 131 to meter electronics 130. Meter electronics
130 processes this information and converts it to flow tube temperature using
information programed into a memory of meter electronics 130. Sensors S2 and
S3 are mounted on balance bar 102 with sensor S3 being positioned approximate

30  the end of the balance bar and with sensor S2 being positioned near the middle of
the balance bar. Sensor S4 is connected to the inner wall 112 of case 103. The
stress to which flow tube 101 is subjected is determined primarily by the

temperature differential between the fiow tube and the balance bar. To a lesser
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5 to forma network having output conductors 132 and 134. This network
transmts information to neter electronics regarding the thernal stresses
to which floow tube 101 is subjected. Conductor 134 is the co{@Daceiesnon3
wire to both flow tube sensor S1 and network case sensor S4. Thus, both

fl ow tubgtmnherﬂowtmmdsttmuestam also erfeenced bmrharvoaste wimseratoes Sie S3, and
S4 shar nduct 10 mnimz f condu&tors t hat

st e s, baRtcs B Fatior e S P b S T 0 Geftfirne fow B sie i, et or

el ect r Omérﬁreras,am FReBLioNBSed Bwb entots of BBbalaYic¥bhPah@ SREGbnker & MMTEL er
100.- Is desirable to mnimze the nunber of conductors that nust be

ext ende@aﬁfh wall g PIneR thase b {RfhSenIoTsATMOONpRREHdD senes aad swceéwgtcénpe
of | SancinE el E e RafEE Bar, the ARREH BlibGorpbotdition 1 [ C ')

connect eESlnsawmmatuntamtoftmeBBalamedIBM@Q conduct or 134. Sensors S2, S3
and S4 are c?n gct ed in serjes Y\ﬁ ﬁ@[]ductor 132 and commDn conductor
1ng Solals

134. Ternmina lpwraetgr may e 3H s Phich @ LEMPEEAUER) sS4 and
sensor SkerSiaks akiiShetwddn tHa, catittad tHBHoR bR A96MS iéfn'bﬁ%ﬂ' D%nehaw ng a

nom nal resistance of 100 ohns at a nominal tenperature of OC
resi st athewmsteragnay afsrbe spbiest (@ t&m@ﬁ@wéscqnqiltmmw@uqhtéetf@vetub&ct or of

10i8an LddeHr ﬁ%ﬁbésqnctgﬁ'g%?afd?ew‘? %é&@ﬂigﬁﬁ? iffdrdri tém Lggteon f1ow tube

VAT E5 1T 9T es) St ance as € tenper are changes
Thi s re;saﬁarthaougﬁ merﬂnw tubd. sSepsdarisem ov.ed fom‘tdma:tmmg thé3dcandnds34f

t hrough fe hrou r electroni er electronics 130
process%'L Fﬂ\e Jfﬁﬁpé’% Ytiqryoyer qaf;hq I‘o)g%v 1?%0@”9@ dPdN8teE usi ng
i nf or Wvélbeﬁo.m&@g lsermch kS SEB RISV IS rmiHRibA! ek e mbmusé%tre%nsor s 52
and S3 are nounted an bal ance bar 102 with sensor S3 being positioned

appr oxiinfarmagiontand piegesses i do samprnsaaana sarrastthe sutpisdagpobiieng
po%t [ qwmgﬁqr the mddle of the balance bar. Sensor S4 is connected to
t he™i nner 112 of case 103. The stress to which flow tube 10 1 is
subj ectPdscriptidatadfiGndd primarily by the tenperature differential between
the flowt ub'glg%n ig a} Qi?cut?tatljlgangaem 81[ a térmpaere{tursesnetwork in which two of the
sensors are electrically in parallei with each other and in series with the others in
the network. If these parallel connected sensors were RTDs, their resistances
20  would be nearly equal and their net resistance would be approximately half of the
normal RTD resistance. Sensors in parallel couid thus be used in locations that
have very little impact on the tube stress, such as the case ends or the case
connecl links. The “average” temperature of the network of Fig.3 would be
obtained by dividing the total resistance of the network by 2.5.
25 DESCRIPTION OF MASS FLOW COMPENSATION
Dual curved tube meters, due to their geometry, are imrmune to the effects of
thermal stress and changing fluid specific gravity. Their flow sensitivity is only
altered by the effect of temperature on the elastic modulus of the flow tubes. The
basic mass flow equation for dual curved tube Coriolis flowmeters is:

30 - EQ.1

m=FCF (A —A1)-(1+k

mlr)

mraj

20



19 16 Decenber 2003 extent, the flow tube stresses are also influenced by
the case tenperature. Since the bal ance bar tenperature is nore inportant
in determning flow tube stresses, the present invention use$sDMPRIRAI00P
on the bal ance bar and one sensor on the case wall. Since these three
sensors gifagonnected in series and since two of the 5 three sensors are on
t he bal ance bar, the network output on conductors 132 and 133 is weighted
in favorfuffThe:barampeaMthéQZacﬁhqchhgﬁﬂm¢er may be subject to conditions
in which a tenperature differential exists between the case and the fl ow
tube on &t ang + erMinladeky offpickdi symEser may al so be subject to
tenperature conditions in which the flow tube 10 suddenly changes in
tenper at yr,e when arnatgrﬂal'of a different tenperature passes through the
fl ow t ub® Sensors' '8¢ delay gt f8q Ia% during the occurrence of all of these
conditions to apply information over paths 132, 133, and 134 to neter
el ecforonkﬁ 136= W otistpnbbassesn tbivssansitityehiaffe wiBT fube fodligy t ube
stress intformation and processes it to conpensate and correct the output
data of fhe 15 f“gmneter. Description of FIG 3 Fig.3 is a circuit diagram
for a teirperatu“‘re et idPR tPMPRFAEI two of the sensors are electrically in
parallel with each other and in series wiwth the others in the network. If

these paral | Horcavgle straihHs autse lowimetds RHeSmak  Bbiv dafibiatibAfa@sr 8n Wiy d be
nearly %%ual and their net resistance would be approximately half of the

nor mal RTY e {Q tefAperate aradientynbetuesn e casalbalansedaranddlew tubd andt i ons
hat h ' ' ; £ h { _end
el oaB terinbi g oBUERE vt g 8BS e Ve WIS RBATIL

the case connect [ITin avera
wolll béetweemtheedlements of disigighdube Carriolie #owtrater traf plesentiataotidn by 2. 5.

25 DES F{\ﬁ? . / AT al curved tube neters, due to

their g (‘)Ar%;gt%rqy}lfeg;re | %%gﬁ\{% Epﬁge ngg[}lg%o qrhtgp Iargcle?t@gé L RBngi ng

fluid speccase) tgrobtaihya cdipositd bpesaBrigdraiury. ThisUnposite system
temperature is then used by the present invention in a mass flow equation for

thermal stress compensation. An additional temperature term is added by the
15  present invention to Equation 1 to obtain:
EQ. 2

m=FCF (A1, — &) {1+(k,, -T)] {14k, (T, =T..)]

Beds

Where:
k e = constant based on flow sensitivity change with thermal stress
20 T =T /3 WhereT__ isthesum of the 3 RTDs in series

com seriey

The method and apparatus of the present invention further adds one more
term to the equation 2 to derive corrected and compensated output data for a
straight tube Coriolis flowmeter. The added term compensates for the effect of
fluid density on the flow sensitivity of the meter. The explanation of the need for
25  this term follows.
Single tube flowmeters have pick off that measure the velocity difference
between the flow tube and the balance bar. The pickoff locations on the flow tube

experience Coriolis force with flow and time delays between their sinusoidal
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altered by the effect of tenperature on the elastic nodulus of the flow
tubes. The basic mass flow equation for dual curved tube Coriolis
flowmmeters is: 30 ECG 1 M= FCF (& m-Ato) -(I +k fITf) ZO'MDWQO(B
2003 Were: F CF = Flow Calibration Factor (Constant) At. Ti me

del ay ofveRiciiedf THy ga@hce Bapespdriditedaicalirddt @idlisl forvs, Rhiis, Qﬁ@:%t.ént based
on flow senS|t|V|té change with flow tube npdulus T f = Flow tube

t enper afpENEdIMe daigydedvean in velgsler I%W\%Pé@cet% Rigkeft iqcéﬂp@‘al i bration
factor RBRk
case/ balgg'n%cééﬁarpgﬁ%ﬁbugjm sifg‘gtl and pghewrﬁéﬁf:ﬁ@ng%e?%p% specl FI C gr avity.

I n ordeﬁutumané&sbmetﬂ%%bn@asamhe pg::k&!iﬂiemndr(s mwmmmfhmgehbnents of a |
t ube is flo ter inventi ace three RTD s

o 3.7 beblites i baeih abin Tk Phask iR ER v BER 4G e B Ry lBegBo o) ¢ o

obt ai n ghieRsarice Ba/ﬁﬁe@cﬁﬁllfyerwetéﬁtthé fuidldeSsiETRATIS ty §ibfdfiont enper at ure
I's then used by the present invention in a mass flow equation for thernal

stress amﬁslétﬂflﬁa&aﬂerbetwﬁeraum towiube afee Ralance karghanaesdsieplp the 15

resent u t \Wher e:
Phees™ PRGN RIneR SR PRI iy SR e oA e
sensi ti balay‘ucemangbamgmg ler‘ngth and ther eesto? Guing (he outp@ Seale of tHe' pscks t he
ISlr,]I (r)]I i %ﬁ)e?ﬁ?l%?TDs e(r)cl?{ ISTH%_h Iar;etl?%dm?sn rPd)ar at us f thﬁésees”%“ﬁ a

change in material density that the density compensation term addresses.

t
e in outpu sugna

The resulting mass flow equation is:

EQ. 3
1;1 =FCF (&, =&)L +(k,, T )]-(1 +k o (T, =T, )1 [1+k,; (T, —k,)]
15  Where:
I’;l = Mass flow rate
FCF = Flow Calibration factor
«cas = Time delay of pick off signals
A1, = Time delay at zero flow
20 &k i = Constant based on change in flow tube modulus with temperature
k. = Constant based on change in thermal stress with temperature
ks = Constant for density effect on flow sensitivity
k, = Tube vibration period constant determined at time of density
calibration
25 T, = Flow tube temperature
T = Temperature of network sensors

Com
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termto the equation 2 to derive corrected and conpensated out put data for
a straight tube Coriolis flowreter. The added term conpensates for the

effect of fluid density on the flow sensitivity of the neterigbB&mber 2003
expl anation of the need for 25 this termfollovvs Single tube floweters

have ck of f that. neas e t he vel o rence . between the fl ow tube
an\é tﬁla bal anc& b Fm%§ %?SQH}REWSBE‘?# Y”&Fr' F?t'Pﬁé)q’ng@%AﬁEE”S Bri ence

Coriolis force with flow and tine del ays between their sinusoi daI 21 16
Decenber 200FauatigeiS i es. The bal ance bar experl ences no direct Coriolis

bal ance bar | BERSTToToEar D SRt oo i Al oo o bbblRe: 7 "

bal ance bar pick ['ocat'i ons I nce eac
-proportiE@ad to the difference between the flow tube and bal ance bar
~velocities at the pickoff |ocations, each pickoff signal 5 becones the

IR R e e e I K s KOs

anplitude ratio between the flow tube and the bal ance bar changes so as to
conser vegyppentum This results in the velocity vectors of the flow tube
and the bal ance bar changing I ength and their vector sums (the output
signals of th lf?#Ck 10 off) changing in phase or time delay. It is this
change i’ﬁwoﬁz: nal e with a change in material density that the
density conpensation term addresses. The resulting nass flow equation is:
EQ 3 in 05 -moo) [ +(k frl -T,)] -[I +k,,2 (Tf -2 ) 1 . [ |
+k,, 3 . ’t’r cukZ‘?]ﬁllgl Where: FCF m Mass flowrate Al = Flow Cali bration
factor

STRESS,,., =k,,- (T, -T,.)

romp rom

10 DENSITY,, =k, (T, —k)

cnap
In equation 4 the uncompensated mass flow rate is modified by three
compensation terms. The first two terms are compensations for temperature. The

first represents the compensation for the change in flow tube modulus % st With

tube temperature. The second term is the thermal stress term . The thermal stress
15 term is proportional to the difference between the flow tube temperature and the
composite temperature produced by the network of temperature sensors. The third
compensation term in equation 4 is the compensation for the density effect on flow
sensitivity.
DESCRIPTION OF DENSITY COMPENSATION OF FLOW
20 The compensation for the density eftect on flow is, like the thermal stress
compensation, improved over prior art by the use of the composite temperature

determination provided by the apparatus and method of the present invention.

The density compensation term, shown as the DENSITY,,  term of mass flow
equation 4, consists of two constants, £ ,; and 4, , and the temperature

25  compensated flow tube vibration period T, . The flow tube vibration period is used

in the present invention as an indirect measure of material density in the
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= Tinme delay of pick off signals Ned, AJO = Tine delay at zero flow 20 k f,
| = Constant based on change in flow tube nodulus with tenperature k f,, =
Const ant based on change in thermal stress with tenperature g Daember 2003
Constant for density effect on flow sensitivity k, = Tube vibration period
const ant compensaticrtobmask tevorateled §etpeasiienfiow wveasbratipn peppd wpust be

t enper at ur 3 f . . 003
Tenper at %?épgg%gﬁsb}ﬁggg{ lﬁltgleg r%‘l'—@r{a a ?%érqﬂ%g’r‘?@g%gésﬁﬁﬁﬁg‘é@%ggﬁuﬁﬁnﬁgﬂét ion 5.
The t er nesbierthBfenal stessshie died hesutiicidethsacndate/intdivatibolof te matariabdpnsity  EQ

o2 bR gy FOURR s TR LR by RO I o 5,

DENSETY, pariod:KArhén detéiminlhg meterfdl dahs®y ifisithereforeqigensai/as tamstel | ow rate
S m)dlfled@gy tt)hree conpensation terns. The first two ternms are
ef

conpensaiiow (massflewdata) dnto@nsount.r At pragenbdwmeyer Heedlowddigat i on for
t he ch o f . | . | dt
[ Cthe BRI retiicti§ uy BEG Herb et b boriineu RIS WiiBer hterSR BAT [ €1

t he dif fipeanass hewwaes) dritethel effect obdowaapeoa tubtieevibrationheerioanp esidll@and

t enper at ure produced %y the network of tenperature sensors. The thjird
can therefore be neglected. The equation for the temperature compensated tube

10  vibration period is:
EQ. 5

T, =T, -Jl +a -T, +a,-(I, —-T,,)

[ 4 com

Where:

T, = Temperature compensated tube vibration period for mass flow
15 compensation

T, = Measured flow tube vibration period

a,& a, = Density temperature cotrection constants

it wili be noted that equation 5 contains under the radical the term a, - T, for

change in tube modulus with temperature and the term a, -(T, — T, ) for the

com

20 change in stiffiness due to thermal stress. The thermal stress term, once again, is
determined by the difference between the flow tube temperature and the composite
temperature. This equation shows that the determination of the flow tube vibration
period compensated for temperature is enhanced over prior art flowmeters by the
use of the composite temperature of the flowmeter,

25 Thus all three compensation terms in the mass flow equation (Equation 3)
enhance the accuracy by using the composite temperature of the flowmeter. The
thermal modulus and stress terms are directly enhanced while the density effect
term (the third compensation term) enhances accuracy by a more accurate

determination of the corrected flow tube vibration period. The compensation of
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conpensation termin equation 4 is the conpensation for the density effect
on flow sensitivity. DESCRI PTI ON OF DENSI TY COVPENSATI ON OF FLOW 20. The

conpensation for the density effect on flowis, |ike the therghesih§s9003
conpensation, inproved over prior art by the use of the conposite

t enper a syl ' i . t us .and nethod of the
present Pﬁ%e‘r'f?ﬂfﬁ. tﬂb[}%’isggnezfire? 5 tﬂ%ﬂ,}'ﬁgé{@gﬁ%ﬁ errgﬂra)\ﬂ}? 2\ EIQWDENSI TYconp
t er m of equatiod Boweagues toly the coomrestest &ibef vibration prsibaict th fidlvirg and k,

and the t ratyr,e 25 conpensated flow tube vibration period , . The
fl ow tqugﬁ%r%qsbtx' period is used in the present invention as an indirect

neasur epPSCUSSIONDO FIEOMPENSATION INTERAGIGONESr 2003 conpensation of
“mass flow rate. The neasured flow tube vibration period nust be

" conpensat ed BaUAL®RY 2t Beadth4raje stivcturediusing thetrssempdion ¢hatddel us and t he
flow tu |V uf £ al.entl ccurate indi cation of the

S materi a?&ggﬁgﬁ@dnszftgﬁg%ﬂggﬁtgt&glf%g%t;ﬁiﬁ%&mlga%gﬁegﬁg%e%tg Naverml | effect on
the fl owtemabtions. bTheiimeradiopsrdredomfeaisatiohe bhicaim@rEBieHs Slchigngi ty, it is
t herefore nFcessar%/ to.take the flow effect. (mass flow rate) into account.

At pr es’@ﬁfj,” WSREVRTSATIRN 01 8F4NGHY Comnransatien frequrtionst e yurpeemene

det er m fipded B EATPEHTPAsAMSN ISP etfdupsd oP{h.eqﬁ[b?éé%ngarmg.h?hEFSS flowrate,

and the effect of flowrate on tube vibration period s small and can
t hé@ef dnterpetioNsglrecely signiicast wdidropnd or mare of érpeorapensationnpens hasead t ube

Temper diap SR ABaletisciig el ali Bofusa Forkaedfie. dihe Biniaicar | on
material density were extremely high (such as mercury), the uncompensated flow
rate would be significantly lower than the actual flow rate and the density
compensation term would be large. If the modulus and stress compensations were

15  only applied to the uncompensated flow they wouid be signiﬁcahtly low. By taking
into account the interactions, the modulus and stress compensations are aiso
applied to the amount of flow determined by the density compensation.

In general, single straight tube flowmeters have limits on the aliowable
operating temperature and on the ailowable range of fluid density. These limits

20  render the interactions of equation 4 insignificant and equation 5.1 that contains no
interactions can be used.

EQ. 5.1

m=Muctma[MOD_ _ +STRESS_,,, + DENSITY

remp ronp]

In general, the more complex equation 4 is not needed because the extreme cases
25 of temperature, stress, and density are generally outside of the allowable limits of
the flowmeter.
DESCRIPTION OF DENSITY DETERMINATION
The equation for the determination of the material density in accordance
with the present differs from that of the dual curved tube meter. The density

30 determination equation for a dual curved tube flowmeter is:
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Measured fl ow tube vibration period a, & a, = Density tenperature

correction constants It will be noted that equation 5 contains under the
radical the terma, - Tf for change in tube nodulus wth tenqu) at ure §8d3
the terma, - (Tf - Teo.) for the 20 change in stiffness due ESREOEREV0

stress. B@e & hernal stress term once again, is deternined by the

di fference between the flow tube tenperature and the conposite
tenperature. Phis(eguat]jorflshiws ThHat-¢he deternination of the flow tube
vi bration period conpensated for ‘tenperature i s enhanced over prior art
flomt%ﬁ pey the wuse of the conposite tenperature of the flowreter. 25
Thus al I''T'Aree conpensation terns in the mass flow equation (Equation 3)
enhance the accuracy by using the conposite tenperature of the fl owneter.
The thernal Loddl us and stress ternms are directly enhanced while the
density "effect _term (the third conpensation tern) enhances accuracy by a
nore accur at‘evdeterm nati on of the corrected flow tube vibration period.
The conpensation of 24 16 Decenber 2003 mass flow for the density effect,
the third conpensation termin the mass flow equation 3 , requires only
t hescor @ct ed tubgendily gitisBr peri od, not the flowing material density

DI SCUSSI ON OF COVPENSATI ON | NTERACTI ONS 5 Equations 2, 3, and 4 are
structu&gd usi ng the assunption that the conpensations for tenperature,
stress, fand fldwi ‘&ﬂ‘%tcgﬁ”al density have interactions. The interactions
are conpensations on conpensati ons such as a nodul us conpensation on a
densi t yzconpensatiub8 vidrati®s patib® with WwAter nunber one added to each
conpensation is the source of the interaction terns. The 10 interactions
are only significant when one or nore of the conpensation ternms has a high
val ue cbnpar eft&”Bﬁé"%ﬂ'&%‘rﬁ@ﬂ%Wéﬂ &M ow rate. For instance, if the flow ng
material density were extrenely high (such as nercury), the unconpensated

flow rate wou d thise vibeatidr gamdd duliRyBpeldtdn t he actual flow rate and the
density

rf-(p.. —0,)
.= -p

10 ¢, 5 5 )
Tn‘ - Tﬁ
a, = constant based on flow tube modulus change with temperature
T, = flow tube temperature

Density equation 6 is for dual curved flow tubes. The first term is derived
from the equation for the resonant frequency of a vibrating spring mass system.
15  Equation 6 has two additional terms in it. The second term in parentheses is the

familiar term for change in flow tube elastic modulus with temperature. The final

additional term is the constant ¢, , which is needed because the flow tube vibration

period does not go to zero when the density goes to zero (when the flow tube is
empty). The vibration period does not go to zero because the flow tubes have

20  mass even when empty. The constants ¢ ; and ¢, are determined by calibrating

the meter for density with air and water. Using the known densities for air and

26




conpensation termwould be large. If the nodulus and stress conpensations
were 15 only applied to the unconpensated flow they would be significantly
low. By taking into account the interactions, the nodulus and stress
conpensations are also applied to the amount of flow det er ni nEiDBsembes 2003
density conpensation. In general, single straight tube flowreters have

linits dfpiehendihomssseredpbeatibnagon pepetaltie ordthred L Begal Lpwabl e range
of fluid density. These limits 20 render the interacti 6ns of equation 4

I nsi.gni Cacatdtedifot thgueaidveredualiohhat contains no interactions can be used.
EQ 5.1 in =1n. ar+l +STRESSconp+DENSI TYconp] In general, the

+l n. ar[ MODconp
more conpl ex 8&3{5‘?’? rF'KJ"f%"\%fh%‘éléM@@tllﬁm:&maenetbeheshrtehfﬂ f6AARSshifh Of
-t enper athd Bow Sl RS r neral ly outside of the allowable
the fl m@é@w@%@i@%’%%@ﬁgﬁw BRRAT8EST| e Thevesiquat i on

limts of
f or St he!UpSt@qamelsy renders thévenatstress alsighefisdrty Equafss @' QQ&%ﬁowgitﬁgk tbge -
. e daensl

pr esent 44l f: . m.t hat ..of the dual curved tube neter
det er ni %%H'{‘fﬁé ?c‘q’rﬁé@ BFPRstonal de e sqnare#f the measomtbiiow tube dbrationDecenber

2003 E = T =) +(a, L T, - ¢, C~=P. Pa, Tr
Qefod Mk %ffs\et‘ ¢ Gbe t% él:ar% faﬂ%t {ttg,e gg'n%éy flow tg%és{iﬁljg@s viagsat | onaper i {)d

To 5 A density of water
‘(’)“.ptera}["?gﬁr 'Ir'hucs’.tbget\c/a-irrtr)arir'('liaagtic:)?lnofpdeernis?t)(;I o\fM.ﬂtor\.]‘vir?gi; ;n;tgrti)ael i;z/ iabsrir?élieosr;rapi)eri e
ght tube
flowmeter is more complex than that of a dual curved tube flowmeter as above
10 described in equation 6. Several differences must be considered for single straight
tube flowmeters. First, the vibration period of the flow tube must be compensated
for thermal stress in addition to modulus change with temperature. Thermai stress
compensation is required because the tensioning or compressing of the flow tube
c¢an lower or raise the tube vibration period independently of density. Because
15+ density is proportional to the tube vibration period squared, the square root of the
familiar compensations for stress and moduius change is used to compensate the
tube vibration period.
Second, the flow tube vibration period must be compensated for mass flow
effect. U.S. Patent 5,295,804 shows that the period of the vibrating flow tube
20  increases slightly with high flow rates. Compensation must be made for the mass
flow effect or the density readings at high flow rates will be erroneously high. This
compensation can also be used to improve the accuracy of dual and curved tube
melers. The improved equation of the present invention for determining the
compensated flow tube vibration period is:

25 EQ. 7

T, =17, -Jl +a,-T, +a, (T, —T,_)

~ Where:
" = Compensated flow tube vibration pericd for modulus, stress, and flow
T, = Compensated tube vibration period for mass flow effect

30
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10 ¢, Ira'(PU. -Pa) Pa TN _° Y a a, = constant based on flow tube nodul us
change with tenperature Tf flow tube tenperature Density equation 6 is for
dual curved flow tubes. The first termis derived fromthe equation for
the resonant frequency of a vibrating spring mass system 15 EyDseander 80¢ks
two additignal terns in it. The second termin parentheses is the famliar

term f or %PafgsTHRe vibsalianperied terperatweutarseolivhtcdne arrs ?ér‘#h@duiﬂ%"zrrfd nal
additional termis the constant ¢, r which is needed because the flow tube

vi bration peristiestoes not go to zero when the density goes to zero (when
the flow tube is enpty). The vibration period does not go to zero because

the flowzubes, keamé -ZQ +FOR tele RibAIREh BERGY S i gnd c, are
determ ngfj by cali braf'i ng the neter fo? deng?@%vr\}lg?ﬂéifdr}@ﬁgs\ﬂﬂ?"er. Usi ng
the known densities for air and 26 16 Decenber 2003 water and the neasured

t ube vi bfati oh perfl@Wdneasused dosttabesibratiangegiodare cal cul ated for the
above equations. Equation 6 shows that the curved tube flow neter has a

terngfor g4 he shiftpyhs gdbead! b m)%ul S wWith tegperature but no term
for thermal stress. £I'§he cu?tf\?e@yn?%teﬁ%'é" 88#@&&»@@?1‘ o9 thermal stress

i nsignificant. Equation 6 also shows that the density is directly
proportifnal %o tRensiydow effectivonsmmsur ed fl ow tube vibration period with

offset e, due to the fact that the enpty flow tube still has mass. The
det er mi nat i oiThefdetmityicalibmatioh i®wbRFalRPEEHd Bbid i rai ght tube
flowmetg_rI IS _npre onPI ex than that g?aa dugfdrgﬁﬁgg&g%@g%qo&\ﬁ%‘faéﬁeas
above 1@ depsHicalibrationsan besope vathvee Sbwdivhithroanses taifiswbe consi der ed

for sin r.aJ; tube flowreters. First, the vibration period of the
f1ow tu%lé’ﬁ’r??é‘?g{‘fgm%% 6 dDRAUAIBP 7 harnualitodbe raw ragasuredrtube nodul us
change with tenperature. Thermal stress

10 vibration period. The constants ¢, and a, as well as F, are meter constants that

are the same for all meters of a given size. They are determined through extensive
testing and are entered into the meter electronics when the meter is configured,

The density equation requires the use of the compensated tube vibration

period T, of equation 7. The density determination of a single tube flowmeter

15 differs from that of a dual tube flowmeter in that the density is not quite proportionai
to the square of the compensated tube vibration period for a single tube meter.
Density is not proportional to the tube vibration period squared for a single tube
meter because changing fiuid density causes the movement of the nodes which
define the ends of the flow tube and the balance bar. Movement of these nodes

20  causes an effective mass transfer between the flow tube and the balance bar. The
mass transter causes the graph of fluid density versus tube vibration period
squared to be a curve rather than the straight line of dual tube meters.

It is therefore necessary that the equation for determining the density of a
fluid have additional terms (beyond those of equation 6) . The relationship

25 between the compensated tube vibration period and the material density is shown
by the following equation:

EQ. 8

0. =(c, -rfp —¢,)-(l+e, (T, —k,) +¢, (1, —k,))
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conpensation is required because the tensioning or conpressing of the flow
tube <can lower or raise the tube vibration period independently of
density. Because 15. density is proportional to the tube vibrfétpn
squared, the square root of the famliar conpensations for s

nodul usWiHeaege is used to conpensate the tube vibration period. Second,
the fl ow tube vibration period nust be conpensated for mass flow effect.
U. S. Pakent 5, 2955 8owirshoaterdiafensing peri od of the vibrating flow tube 20

increases slightly with high flow rates. Conpensation nust be made for the
be

mass ceffect_ d readi ngs at high flowrates wl|l
_ erroneou's y >hi gh. étgﬁts %}é ﬁFFglﬁr %Q’EOQP% Q%‘Sﬁséa“t@@tlomrove t he
accuracy of dual and curved tube neters. The inproved equation of the

presentXinventi orF mebajrebmlrmrpamadtdmstﬂiéﬁhi@-@dfalt(?‘ﬁ‘ré gf&%@. r at i 0”
period is: 25 EQ 7 T,A-Tfd - | +a, -TI +a, I'T

- Conpensated fl ow t ebRbMtiBRat i on period for m)dul us stress and flow C| d =
Conpensat ed tube vibration period for nass flow effect 30 27 16 December

2003 a,c.& a, —TubeStrdngnuD@d@ﬂérhﬂ@bﬁ@mﬁ{@éd&g gorrection constants for
nodul us and stress Tfd T, ~ -ni - Fd =HF owtube vi bration period

Corpensall oSSR e EALATAINN 8 ISl Rerd ST, PET} 00,5

= Mass flow rate (can st na

I E e, TSR b B D SRR ' T o

calibration because the dedsrty call |on can
to the

causes | in_equation 7 to be equal
cau negélf}fg{jdﬁy‘%s R RRULRL N ThE! mﬂrtronapterms In equation 8 provide the density
10 compensation for change in modulus, stress, and fiow. The additional terms also

provide for the effective mass transfer between the flow tube and the balance bar

with changes in density. The constants for these terms, ¢;and c,, determine the

deviation from the linear relationship of dual tube meters. They are constant for a

given meter size and are determined through extensive testing. ¢, and ¢, do not
3 L)

15 require calibration for each meter.
Description of FIG .4

Fig.4 is a graph of the tube vibration period squared versus the material
density for a single straight tube meter and a dual curved tube meter. The line
representing the dual tube meter is straight. This linear relationship enables dual

20  tube meters to be caiibrated for density on two materials, air and water, since two
points define a straight line. The curve representing the single straight tube meter
deviates from the straight line. It deviates because of the change in position of the
nodal regions as discussed earlier. For a single straight tube meter, the use of the
straight line obtained by an air and water calibration, as is done for dual tube meters,

25  would under estimate the density for materials heavier than water and would over
estimate the density for materials lighter than water. The non linear calibration curve
representing the single straight tube meter in Fig.4 could be determined by

performing a calibration using more than two materials of different densities.
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10 vi bration period. The constants a, and a, as wel|l as Fd are neter
constants that are the sane for all neters of a given size. They are

determ ned through extensive testing and are entered into the neter
el ectronics when the neter is configured. The density equati oh® Psefimtes30@he

use of tHewe BRI @Bealt | : ' r of equation 7. The
density det efgn?nation gf_”ggg}éﬂg?@ﬁ’?%gd%%‘@%@}O Tgeﬁﬁﬂ?@I"Q”PPWPﬁaﬁ of a
dual tubBBaiergigriber than aipandivted frsineericalibattiogui t e proportional to the

square ¢-dRBHSPBPE §@§d tube vibration period for a single tube neter.

Densityﬁgt—pmp‘@m—ronal to the tube vibration period squared for a

singl e tube Figbsholbacagsspic bamg dandityé rord8aBbYId i nt of
iy R e SRR o

t he znod ich fine the ends of the flow tube an

Mov &me ng%d‘\rlg]a( ﬁ&%ﬁ%@é%r&m@x egvatipn &f Fig/¢ ones singleatubbaneteet nean t he

fl ow t ube sued thhet EHYGHG . r .causes the graph of fluid
density versus tugga%/i br atéi}(%?]r !%é?%g%é&u@F:%P{jgﬁ%rg PRI RhzEre gf‘ﬂ&‘e than the

st r ai ghwatengensity @gint of gine. Tblecdensityterrar it bestitefer [BREP S8AsIY, r‘hQFéria'iJ'e
iti'onal terms

equati o L el he.densjty of _a fluid have addition
( beyondg? gg Sgg‘%eﬁﬁdg'ﬂQ*F%n&%}S'W "?ﬁt?r 'arﬁ'érgéﬁﬁﬁb can alse he eansidereddhpensat ed
t ube vi devttiomopibiel dehsitybutpet deverdrahe Al i t he follow ng
eq at i op: I%g g p. é_ﬁ(& 'z b- C) -(l +c; ﬁ?’?ézg‘?‘i‘??5@%%‘3?%8%@%‘#&%?”2003
V\hg e: NESTRIG ling pragucediy BYG RPINdeabbrajions.const ant s det ermi ned by a two
poi nt  dPastipiiohdtiflaLAs kon = Tube vibration period constant determn ned at

time of density calibration c. & cl = Straight tube density correction

constants  Fig. 6 is another way of showing the density error (deviation) data of figure 5.
This graph of figure 6 shows density error (or deviation from the linear calibration
line) versus the difference between the measured tube vibration period and the

15 water filled tube vibration period (both corrected for flow and temperature). The
density deviation is the difference between the actual material density and the
predicted density using the straight line generated by the air-water density
calibrations of figure 4. This method of presenting the deviation data puts the graph
origin (0.0) at the water density calibration point. It also allows for a relatively simple

20  equation of the curve of the data points. The equation for the density deviation from
using a linear two point calibration with a single straight tube meter is shown on
FIG.6.

The present invention inciudes a new calibration method for determining the

density in single straight tube meters that has the accuracy of three point

25 calibrations while only using air and water density calibrations. Using the new
method, a two point calibration is done yieiding the usual straight line. This line
varies from meter to meter for even the same size meter. This fine varies in both
slope and the tube vibration period with water. However, the method of the present
invention makes use of the fact that all the meters of a given size have the same

30 deviation from the two point calibration line (similar to that shown in Fig. 6). This
curve contains the deviation of the actual density points from the straight line. The
0,0 point on the deviation curve is located at the water calibration point on the

straight line of the two point calibration.
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The first termin parenthesis in equation 8 is the linear density term of
equation 6. The constants ¢, and c, are determ ned through air and water
calibrations as for equation 6. The additional terms in equat Lé)g 8 provide
the density 10 conmpensation for change in nodul us, stress, antP Peesiberigo3
addi ti onal tgﬁrﬂﬁ al so rovide for the effective nass transfer between the
fl1ow tube and"t'hePEACIhEWERHPN. (e d-whiRTReDs And éhsiubp. vitlaeos pRsibalbs | or

t hese t , rnmone the., deviation fromthe |inear
rel ati oﬁéaﬁig?oa%‘ dﬂga Hvtegbt&eé@ Er%&%ﬁ%@}’%?%“ ¢ordchfi - Dre aquaiareof thet er  si ze

and are %Iet ?rm' ned t.hrou%h extensive testing. c¢3 and c4 do not 15 require

cal i br af PERIPBAOM S SERBN! line & piogrd tnthef mBleBeledignitsi memnetyaBRestn t he

" tube vi ' pghiod squared versys the material density for a single
strai ghﬁ{%’%}bgggﬁeﬁﬁ ‘%ﬁ'ﬁ&”&&&ﬁ‘%? \lf}é{dhf-‘ ds¥iatiendrom thieliné aee cr apdasent i ng

t he _dua) t(ibe_rreter Is straight. This linear relationship enabl es dual 20

~tubg nmeté densitvipauationis dhed aredetemsiney Hooubnexterishiel 1Bbing aThe dafhekal er,

si nce t%;\P U%g& nts dsf%ge 2 straight |ine. The curve representing e single
strai ght' £ frefft difigEentipegach intensizet Thiegheter iefeetrohicsd@onaigBabecause
of the change in position of the nodal regions as discussed earlier. For a
si ngl e S7¢ AigAL istinbsenbecaysetihes esterarf diiey tHt htiagStup idﬁ%@mfgéﬁqﬂﬁby an

air an j. i as, i s done for dual tube neters, woul"d under
esti mh%?'%’gﬁﬁ'%&%%%mﬁz‘%zﬂ? algriab depaitibyavliraciing avdeNiatiary er

est i matfeorh tise draight Yiné of tHEakwey bai Welare r... JThe.non |inear

cam br%}gi on .cur\(:ég rg resenti ng tnﬁgéﬁst?%g e Z@?%iuéﬁ%&%t?gvﬂpgr'si n Fig.4
coll d BIEtIRiBed; MéBGS@Waﬂememuainﬁg storedin thetriemon S tge Aeter d1BSHoRINS

mat eri al s of THE e LE 16, Decenber 2003 However, it would be
ti me consum I\ﬁéﬁae?ﬂ%é%tggyégé?@ﬁ&%é%@a&%P‘é?? LRlepEPHes determinasadensityl s

ot her Pi&ereichng for metielusfobangetveith wahpdradirk OBy c&eécqrnb%f% b Eiglre 5
Fig.5 559, r?"n%’tiraBEg?ﬁ thh(g (Elen?érw error that would résult fromuSing the 5
st andar %d G¥ES FREd of FEfRMiging i crBwastte mejeutepmperakiraghye t ube

met er . cotrecting for mass flow rate, and by using an improved compensation method that

15 compensates for non-linearity in the density versus tube vibration period squared
curve.

Description of FIG. 7

Fig. 7 is a block diagram that describes the manner in which the present

invention performs its compensation function of the mass flow rate. The block

20  diagram of Fig.7, as well as of Fig.8, discloses a plurality of processing or program
steps each representing one or more program instructions stored in a memory of
meter electronics 130. The instructions are executed by a C.P.U. of meter
electronics with the results either being stored in memory or outputted to a user over
path 137. |

25 The flowmeter is configured and calibrated in step 701 which contains two

steps 701A and 701B. Step 701A inputs the constants k., k., .k a,,a,,and
1 ! M3 v 1

F ¢ from memory of meter electronics 130. Step 701B calibrates the flowmeter and

determines the elements FCF , k,.and A r,. The output information of steps

701A and 7018 is applied over path 702 to step 708. Step 703 represents the
30 sinus_oidai pickoff signals of the meter. They are transmitted over path 704 to step
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be seen that the density error is zero at both the air density point of ‘
zero and the water density point of one. The density error is positive for
| ower density materials and negative for higher density materials. This

graph can al so be considered the deviation of the density oul®lecembey2063

t he sing S | t f. 10 the straight |ine
producedbgg 'ts\[/e\/%\j %ﬁrﬁxﬂ?gﬁsﬁﬁkg{w%ﬁ%’% {%g%%?eﬁbﬁgf? fowy i‘%uruer g"‘i':i”b‘? 6is
anot her way of show nfg the density error (deviation) data of figure 5.
Thi s gr apRT&H0 PRIRCOBhg Hiowstubents t Glasr TeS remesetgitat iresistareastdiend iiBgar
calibration line) versus the difference between the neasured tube

vi br at i clubgeRTDdrahithetrietwdfk WeREDs f Mheqdsis i IRMniREY!
correct ec‘ fl.ow @g' t enper at ursé) ) Thes‘I t(ﬁﬁ:seigtégéga;edvﬁ?@%ﬁ v%péﬁce)}db to

f
di 11 or ertigPHe L Rdmelen slestionias wharerthay agepeMvetethtd thedubprietiperaidralgngi t y

usi ng t heeddripdtie tb}ﬁb@r&g@rat ed by the air-water density calibrations of
figure 4. This nethod of presenting the deviation data puts the graph :

origin (0,0) He ravevikmtion prrisi ofthedlavbiube fesmpRem 706! dndiheQetid G dor a
relativ ' Lon of the gurve of the data points. The equation
for theqﬁnﬁﬁt%ﬁéé?%ﬁlgﬁ%&’fr%gnqy B%‘ihﬁg?c% aNché? o {em 6l hwhieh calcalatesn with a
singl e ' iy FI.G 6. The present invention

i ncl udezﬁgq’ﬁg}v}/hggﬁ}iigﬁgﬁ é%n%%ti%%%ggg%&ré?wpﬁfﬂw%hiﬁe&é’ﬁ@ﬁ%ﬁ’ tuResi ngl e
straight tube neters that has the accuracy of three point 25. calibrations

whi | e oNiBratian pgried 7, aisdheattansdetted via meth i706abi 985 71951 S@ptve feyw et hod,
a two point calibration is done yielding the usual strai ghP line. This line

varnipes ; eRr,the, sane_ si meter. This line varies
! 1B0: TSI urh dBly s 2o 15 Ry i R i icidiver., mievisead by thee

met hod @é thg g[rﬁ?;@m i ve%i on makes use of the fact that all the neters
of a gi VBN ¥¢#P o "PESER 0635 wel Aadhe fowituhetams cawppsitent cal i brati on
l'i ne (sigthpératiresivippathhodirém fib9719) - This curve contains the deviation
of the actual densit%egoi nts fromthe straight line. The 0,0 point on the

devi ation culV¥epd i7dbacemnensaies mase flowatquation ismpplicdtasdApiiadromt r ai ght
line of the two point calibration. 30 .

steps 706, 715, and 711. The compensated mass flow rate m is then output via

15 path 718 to the users apptication (not shown). Also not shown in fig.7 are the paths
from memory of meter efectronics (step 701) where the constants are stored to the
steps where they are used.

Description of FIG. 8
Fig. 8 is a block diagram that describes the manner in which the program

20  instructions of the present invention perform a its compensation function of the

material density output. The meter is configured and calibrated in step 801 which

consists of steps 801A and 801B. In step 801A, constants c;,¢,4a,,4,,and Fd

are input from the memory of meter electronics 130. Step 801B generates symbols

¢;,¢,, A1, and I:2 through meter calibration. The output of step 801 is applied

25 over path 802 to step 806. Step 803 represents the sinusoidal pickoff signalts.
These pickoff signals are input to meter electronics of step 806 via path 804. In

step 806 the time delay Ar__ due to flow and the raw vibration pericd T, of the

flow tube are determined. Meanwhile, the RTD signals of step 816 are transmitted
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16 Decenber 2003 In the present invention, the air-water slope and the tube
vibration period for water are determned by an air water calibration (c,
and ¢, ). The equation of the deviation fromthis straight lL‘?ﬁ is stared
in the meter electronics memory for each meter size. The equst Pgsember 2003

const antwafpaith BN tdlerdos 1 Pwhb Fimat, Y ' and .c4 in 5 the density
equation 8. They are ﬁerm ned t%F&%gﬁhgg?gég?3§m98?("i"ﬁg. ¥RSCKI ues  of

c. and cregeweditifect@ny at aercciionh AR TRIM SicP80 T r troni £s knows
what size neter is in use becausé it ise%gnt e?‘gac‘it uoﬁisﬁgb’ﬁﬁe“mﬁic@?aéﬂ set up
of the er. ter electronics determnes the true material density
by subt p?c’t‘i‘"nga-%?%g | a%?%ﬁ‘e YOI AP VioARl PRried Tf frolestepB®iiatpath
~cali braté'og?n. The subtracted deviation is 10 determined by the deviation
equat i 0Pt o7€R 408 4lpe reateas,thefmatesiahtsrepe miteret amnitescomdatef ore, in the
present invention, the neter electronics determnes density Dby correcting

- for 3dubmseGi@IE W i LI correcti for thermal stress

usi ng an iﬁprovedgﬁét%@jg%mgﬁe#r%%m %g't %SE%%ﬁgitqee"ﬁ?ﬁépw EHpeit &g ure, by
correcting for mass flow rate, and by using an inproved conpensati on net hod
t hat: 15 conpensates for non-linearity in the density versus tube vibration
peri od €354 ag gpieivasbdtFiget.i Gheshass owtafé g1 isTapgied WA pakh ghegs am t hat
descri bes the manner in which the present invention perfornms its
conpens&€PAH I whetei ibls wied alengrudts the samwr aite vibreidd gsiodl® diiagaamaf Fig. 7,
as well ?)s of Fi .8, discloses a plurality of processing or program steps
each relPE bR 'H'SPSHB%?M ReMeepsalgadar massflooy rates TtioisatehmpplisBRRY Y Of
nmeter el egtroni cs 130. The instructions are executed by a C P.U. of neter
el ect r oPAtOB 1B tolsteh 8 1 Beehdré & iSUEBELIGIR] WEh $HQFEH ol rooutputted to
a iéer over _path 137. 25 The _flomc?gr i s chrt] |%%§%§ﬁ?@%‘?%ﬁiﬁ¥@ in
st ép 70RIMAOH0 caleuiatashe iube wbepenTaidard flithePoorbeRsd@iAot fiyufust N

constants k,,,, kf" 1 k,,,, a, , a, , and 'F,, fromnmenory of neter
el ect r cmife with ISmpSELare’ JLwBll 68 lvii owret er _and = determines the
elements F CF Pk , and A f ylﬁ{@tﬁgagtgp%{é'i %%ﬁﬂ%ﬂet@fs arepaw

known to solve the'linear density equation show in step 813,

The fully compensated tube vibration period 7., Is then transmitted via path

814 to step 821 which modifies the linear compensation equation c, -T> —c, from
op 2

15 step 806 by combining it with the non linear compensation term

(I+c, (T, —k.) +c, -(z,, —k.)) . This non linear term is combined with the Iineér

equation of step 806 to form the complete density equation which is passed over

path 822 to step 823. Step 823 receives this information and calculates the material

density 0, . The material density P, is the transmitted via path 822 to an output

20  application (not shown). Also not shown in fig.8 are the paths from memory (step
801) where the constants are stored to the steps where they are used.

It is to be expressly understood that the claimed invention is not to be limited
to the description of the preferred embodiment but encompasses other modifications
and alterations within the scope and spirit of the inventive concept. For example,

25  although the present invention has been disclosed as comprising a part of a single

straight tube Coriolis flowmeter, it is to be understood that the present invention is
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701 A and 7018 is applied over path 702 to step 706. Step 703 represents
the 30 sinusoidal pickoff signals of the neter. They are transmtted over
path 704 to step 31 16 Decenber 2003 706. Step 706, extracts_ the tine

del ay produced by the flow, At , and the vibration period of {ihPeeqmaher200%,
z, . Stept30mitegrastmay bh@sé@ Wit ARELRHak foli tube RID and the

net wor k _of el%gs. The resistances are trg’rﬁ’smc’?t@e?’é'°b|9§°wgﬁae%§°'f@'ﬂgstep 711
of met eP"IHLMPEJIABERE OF iTe@ylanpecuryRd@onbigutation ks weibas CumBes at ur e and

5 the Cﬂ@wﬁﬁté@ﬁwé Wity dt j bration period of the flow tube from
step 706 and_t he terrper%gtt Srgs %%m‘%léép 711 are transmtted by paths 714
and 712 to sT@s. 18 uskigftthedeuul“anateriallietd bewnbishRtodd Eé?ﬁdiﬁln@ﬂya%d t

cor gect r re,. The cgorrected tube vibration perio s then
tr ags i g:?segg QVPltaaE‘g%eég%él Y @Bgﬂ'ﬁ“t@%eﬂthaw%ﬂq& threogh aefiow heeted me
del ay afor aateterimination anantlehberdrem " Dotk uced by the flow
vi a pa:[’jéul 7o7hi§ﬁr om Step 706 as vel aés*e?{‘%g"?ﬁ%'\}??ﬁ%’é’maqg@’ %Bdﬁﬂa%/fﬁf@s.

t enper 2P e¥ A SPPAUR relationships angpequitions hase dperi desthBed MTBSHERLGH MBSS

fl ow edutt iHNnién |:d & [ f steps 706, 715, and 711. The
conpensat ed mass t?ﬁﬁ\/'\‘;I 'rgg?g’%r#r?@é{%ﬁoé)ﬁ{@g} Kig inveationsinguides arel may bee user s

appl i caraelivedriusing maodificatiinsoofrthe disuiveed Sqdatdng a@f@re‘ié?%n@ﬁ{p@s from menory
of neter electronics (step 701) where the constants are stored to the
steps where they are used. Description of FIG 8 Fig. 8 is a bl ock diagram
t hat describes the manner in which the program 20 instructions of the
present invention performa its conpensation function of the material
density output. The nmeter is configured and calibrated in step 801 which
consi sts of steps 801A and 801 B. In step 801 A constants c, , ¢, , a,
a,, and Fd are input fromthe nenory of neter electronics 130. Step 801 B
generates synbols ¢, , ¢, , Ato, and k, through neter calibration. The
out put of step 801 is applied 25 over path 802 to step 806. Step 803
represents the sinusoidal pickoff signals.




These pickoff -signals are input to neter electronics of step 806 via path
804. In step 806 the tine delay At.,., due to flow and the raw vi bration
period T of the flow tube are determ ned. Meanwhile, the RTD. g

step 816 Vhat isrGleémiedtisd 32 16 Decenber 2003 via path 817 toP%?eegpm@%%ze&

wh h d : i e del
Soro flow A onforepost d BRI GEr Brafaioh BF BubSERaNFop B BY B
flow angohaseteAnaliihgw foweibd pIcat izad pbalande Bar (foNnhstap RMptedavipat h

807. Step 808 al so receives the material tenperature and the conposite 5
t enper at i oS4, tofireoyibeategh irgPh &S, PEPPHEPN819. In step 808 the nass flow rate

in is E cal 1 | 0, El ; i 1 |
applied via p%gkﬁ?fg‘gn? ger(z%t§1 %Eﬁtgg(%:%e“rge(%ﬂ% Ctlldsﬂﬁée.l;ée ‘gﬂg’lﬁ%m\g tﬁ‘?ﬁt‘%@e Irn:lw t ube
vi br & i opegiRIrisedotomasirztifieivehtdigh saibeibratim@fiownulperi od T,, conpensat ed

for mass flow rate. This is then apPIie via path 812 to step 813 where it
i s used al ong SaitMethed GsAPETRY (PR SI9ASHN step 818 via 10 path 820 to

cal cul ate the Vi ' [ ' , ul us
hift with tospormitiod Bt MBI RRirehhisbhEfq BRIPAIPM piiciontefl Vs
are now ghkpovbrdtidgleveibiehe |inear density equation show in step 813. The

fully conpensated tube vibration perio -. Isthen transmtted via path
4P 1 814 to SPERIBIR s#RAN theana! Ye%o%pg%g § ﬁ@aﬂ"(‘%ﬁﬁlﬁéﬁ%g?%’a RE&ion c, -

I~ r#)( [ iéggeefdr s%ﬁnaf&‘ﬁﬁ éQB%er}ﬁuﬁQ)W;?é férrﬂlﬁeriattuﬁé’ic}f@aid‘ﬁo\ﬂ%bé;i near conpensation

ter S nonlinear termis conbined with
the |inear CeRhardcterizeduathatnsa ns¢tapd 8GGhercdmprineshe conpl ete density

i or mati on aREeCHPG DY Renhasdppanahaenie Ros PPN AR Bensi ty b
I's the tRaRSALE EEmEnts BRLI0siFE D sRidiloR ! for generating a third signal (S2, S3,
S4) representing the composite temperature of said plurality of additional elements
15 (102, 103) of said flowmeter;
said third signal is generated by ccnnecting the outputs of said additional
sensors to form a network having an output that transmits said third signal to meter
electronics of said flowmeter.
using said second signal and said third signal to derive information regarding
20 the thermal stress applied to said fiow tube by said plurality of flowmeter elements;
using said information regarding said thermal stress applied to said fiow
tube to compensate said output data pertaining to said material flowing through

said flowmeter.

2. The method of claim 1 wherein the step of generating said second
signal comprises the step of obtaining a signal representing the temperature of
said flow tube from said sensor coupled to said flow tube; and

wherein said step of generating said third signal comprises the steps of:

5 the outputs of said additional sensors are connected to contribute to the

magnitude of said third signal in proportion to the stress imparted by each of their
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20 application (not shown). Also not shown in fig.8 are the paths from
menory (step 801) where the constants are stored to the steps where they
are used. It is to be expressly understood that the clained invention is
not to be limited to the description of the preferred enbodi heRecespher 2003
enconpasses ificatjons, and alterations within the scope and
spirit of t%sgbpﬁ&gﬁ%&f@e@f)ﬁ his iodhe éxtahimesmabBresistappliethby BB opsgigent

i nvention resmbesno dhpidicaseBeas conprising a part of a single straight

t ube O%gl olis flowpeter, it is to be understood that the present invention
is 33 16 Decenb&PI3W0g saiddbind sigriahirorchraodtpubyf sy Hé%ﬂéﬂ?a?érflﬁ,% thypes of
a

Coriolis fl ' | | tube flo ters of irregu or curved
confj gur at |c%mrg&émsn?ﬁ%éﬂ%re%‘ﬁh @ﬁjr%%ﬁ/ﬁ%‘@%%ﬁao%eﬁpdh@mqejptdw fl ow
t ubes. Thu§?'dtm¥§wo$anfcsﬁaidﬁgnélerappffedm}@éibl%ld'aitfbﬁa;&nggrsunder st ood as

including fluids, 5 gasses, plasma as well as any and all substances that
can flow through a flow neter for a determ nation and neasurenent of

i nformation pergai niThe ﬁ@uﬁﬂié*d%%dvﬁ%%m Séb}ﬁ’@ﬁ%kﬁ{?@%%%' fic

rel at bensbips-and.equations have been descri DROMBLiSS t he
i nventigh. S Balance hae SidsaidetaseiiEntiatictdie SEREE!: bOTRTEY YRS wge

practiced Mﬁﬁé@jﬂﬁﬁéﬂ %g%:s’é Chhe s Ehosed B U A ’:ﬁﬁd-t:él'afgf
34 What is Clainmed 1s: 1 enber 2003 1. A nethod of -providing
conpensation for outcpuplintpa firshersoCgBi Ploi said thgywret er having a flow tube
(101.)gand a bal anc ba,r (%(ﬂzgét hat are adapted, when in use, to be

vi brated in phase OEBBENQ Cax 98 SENERSZe S3)tneridbelanGaban! i s defl ecti ons

of said vibrating flomésling dutputdof 508 HRs i fl ow t hrough said
vi brat i ngréd W tgipe; said rretu%%d conpri si %Sh?%’gai%ag&sagfﬁ?‘s‘g%er ating a
first sig dﬂ{"[’ﬁ PeNRPO)0 fogprsaitbnetmesk.t he Coriolis deflections of said .

vi brating fl ow tube:

4, The method of claim 3 wherein said step of connecting the output of
said additional sensars comprises the step of :

connecting the outputs of said additional sensors in series to form
said networi.

S. The method of claim 4 including the step of extending said network

over at least iwo conductors (132, 134) to said meter electronics.
6. The method of claim 1 wherein said step of compensating comprises

the step of generating corrected output data pertaining to the mass flow rate of said
material,

7. The method of claim 6 wherein said step of generating corrected
output data compiises the steps of:

determining an uncompensated Coriofis deflection signal;
deriving a modulus compensation:

deriving a themmal stress compensation; and
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operating a sensor thermally coupled to said flow tube for generating a 10
second signal (Si) representing the tenperature of said flow tube;
characterized in that said nethod further conprises: operatin ddi t.i onal
sensors thermally coupled to a plurality of additional flomngégﬁuﬁﬂﬁﬁ@
exclusive of said flow tube for generating a third signal (S2, S3, $4)
representlng t hesing sgidsintempenigedare! t |t|ona
el enent s 102,. 103), of Eald fIomﬁegﬁéaﬁgg?hﬁgﬁéﬁ*kg¥ﬂﬁﬁpag@ gener at ed
by connect ?9{5 %%‘“8{}@38@%%%%’&”&6@1 Fempaasation éngderes & oufrectad aayet wor k
havi ng an flus patb,. t hat transmts said third signal to neter electronics of
said flowreter. using said second signal and said third signal to derive
information regarding 20 the thermal stress applied to said flow tube by
said plurality of flowreter elenments; using said information regarding
said thermal stress applied to said flow tube to conpensate sai d out put
data pertaining to said material flowing through said flowreter. 2. The
met hod of claim 1 wherein the step of generating said second signal
conprlses the step of obtaining a signal representing the t enper at ure of

2% oLt rangkﬁber6|n said

step 5t-genepat¢ng O R s"c ses the sk ;‘ Eput s
of said additional sensors are connected to cOntribute {6 the = nﬁgﬁrtdﬁe of
said third signal in proportion to the stress inparted by each of their 35
16 Decenber 2003 10 associated flowreter elenents to the total thernal
stress applied by all of said elenents to said flow tube; obtaining said
third signal froman output of said network representing the conposite
tenperature of said plurality of elenments in response to the receipt by
said network of said signals applied by said additional sensors,

-
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3. The method of claim2 wherein said plurality of elenents conprise -~said
bal ance bar and said case, and wherein said step of coupling said
addi ti onal sensors conprises the steps of: coupling a first sensor (54) to
said case; 5 coupling at |east one sensor (52, S3) to:.said bal&hegembar 2003
connecti ng Cu;guts of said first sensor and saird at | east one additional

sensor to forn¥sai dThemshad oficlaifing ometdadrigdd H Mams3idbsTin ?‘1‘?&% fiep of
connect i n&t% F}eoﬂﬂ[n%l&tb { ai dfadﬂipﬁi_onal . sensors conpri ses-t&}!le step of :
connecting the out put s‘pgfe SZ%‘?B YR &P dsesrpRensated mass Taw faterby sai d
net wor k. pius Thesaie therthad ired PéEdmden 2EiHA i f. extendi ng said

2 e PR e L Bl e

network over at |east two conductors ( SBPens ctroni cs.
6. The nethod of claim1l wherein said step of conpensating conprises the
step of generajing t.pu ata pertaining to the mass flow rate
of said mat eﬁq'al . %@%@ﬁ?ﬁ%ﬂﬁbéw eLeim B Idatanphoensrating eprettegener at i ng
correct edut@uitdata cdatrises s fUFder sRpsdreps of determ ning an unconpensat ed
Cori-olis deflection signal; deriving a nodulus conpensation; 5 deriving a
thermal stress conmSEf¥dg ddensitydodfperBabenenber 2003 using said

unconpensat ed Cori qli wg flection signal and said nodul us conpensation and
said ther mal stresgrl'%lg @Hssgfci B’PF%P%&G\tﬁﬁéa%ﬂ%@@obmms $aid\stress e

36/ 1516 PeopeEnsati@d®andy.+ mmﬁm“péﬁ#ﬁt@n?aﬁéﬁﬂ%%ﬁoe%%g% in that said
corrected mass flow . .
compensation to obtain a corrected mass flow rate.

10. The method of claim 7 characterized in that said step of generating
said uncompensated fiow rate comprises the step of solving the expression

FCF-(At,, ~At)

Where:

5 FCF = Flow Calibration Factor
At.,.. = Time delay of pick off signals
At, = Time delay at zero material flow

11. The method of claim 7 characterized in that said step of de:riving said

modulus compensation comprises the ste i i
p p of sclving the expression (k- 7))

Where:

kﬁ, = Meter constant based on change in flow tube modulus with
5 ternperature .

7} = Flow tube temperature

12. The method of claim 7 characterized in that said step of deriving said
thermal stress compensation comprises the step of solving the expression

(ko (T, - T,.))
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rate is obtained by the step of nmultiplying said unconpensated nmass fl ow
rate by 1 plus 1+ said thermal stress conpensation and 1+ said nodul us

conpensation. 9. The nethod of claim7 wherein said step of generatl ng

corrected output data conprises the further steps of: derivi hyDgcerehesi2pg3
conmpensation; multiplying said unconpensated mass flow rate by 1 plus said
stress .:2"%Cconpensation and 1 + said nodul us conpensation and 1 + said

den5|§y onpensatign to obtain a corrected mass flow rate. 10. The nethod
of clai m 74zhar act eF FEEE° Pﬁtat”f'ng?s%dgpﬂ chpege bfthgemel strésmwitbdemhperature
unconpensated fl ow rate conpri ses the step of solving the expression FCF -
(Atneas -7At0 ) Nengy tﬁbé: era gw Cali bration Factor Atneas = Tine

del ay of pfck of f signals 8 e del ay at zero material flow 11. The
met hod of claim 7 characteri zed in that said step of deriving said nodul us
conpensatTgn compr Terspératuratcfpetio®k@ensh@ t he expression (kf - Tf )

Where: k fr, = Meter constant based on change in flow tube nodulus with 5
tenperature . Tf = Flow tube tenperature 12. The nmethod of claim?7
characterized in that said step of deriving said thermal stress

conpensati on d8npr Tﬁesnéfhﬁdsdfe:m:ﬁf 9 %ﬁbﬁé‘cf&)zfea% ARG %fgb (SM&'nxng sérd em

)) 37 16 Dec?ynber 2003, Were:
compensation com pnses the step of soiving the expression

kyy (7, - k)
Where:
5 k4 = Meter constant for density effect on flow
T, = Temperature compensated tube vibration period
k, = Tube vibration period constant determined at time of density

calibration of flowmeter

14. The method of claim 6 characterized in that said step of generating
corrected output data comprises the step of deriving a corrected mass flow rate by

solving the expression:

m=FCF- (AL, —AL)-[1+(k,, - T)]-[1 +&,,(T, L1+ k- (2, — K,)]

5 Where:
r;z = Mass flow rate
FCF = Flow calibration factor
At ... = Time delay of pick off signals
At, = Time delay at zero material flow
0 kﬁl = Meter constant based on change in flow tube moduius with

temperature
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T T corn Meter constant based on change in thernmal stress with tenperature
Fl ow tube tenperature = Tenperature of network sensors 13. - The nethod of

claim9-characterized in that said step of deriving said, density
conpensation conprises the step of salving the expression knBIQPGCGmIRt‘Z)ZOW
Where: 5 krr3 = Meter constant for -density effect on flow z r Tenper ature
conpensat gd t ubes vi | k bratlon eriod constant
det er mi ned”&t time %F%gggf%&tbg%gér athlggﬁe(ﬁ hergiRhalress with temperattrod of
claim6 characterized in that said step of generating corrected out put
data conpkjses t=he Goreplanf fodBengitpeffactcst iggt ed mass flow rate by sol ving
the expression: nmr FCF(At -&o)[1+(kfll -Tf)][1 +kf12(7. -T,.)Jd[I+kf3" (zr

-k2)a 5 ere: in = Mass flowrate FCF = Flowcallbratlonfactor dt real =
Ti e del df of pi “ck Tdoe @b@ﬁl&nwﬂm:io:&astanmewmyemm teewfrrieryal flow 0

kf~, = Meter constant based on change in flow tube nodulus wt
terrp*e‘irature 38 16 Datibrdtien d0@dmdtefZ = Meter constant based on change

i n-ther ny| stress with tenperature kf 3 = Constant for Density effect on
flow ) = Flow tube temperature

= Temperature of network sensors

= Temperature compensated tube vibration period

(]

15.  The method of claim 6 characterized in that said step of generating
corrected output data comprises the step of deriving a corrected mass flow rate by
solving the expression:

7= M1+ MOD,,,, 1 [1+ STRESS ,,,,)-[1 + DENSITY,,

5 Where:
m = Mass flow rate
ECF = Flow calibration factor
At .. = Time delay of pick off signals
At, = Time delay at zero material flow
10 kﬁl = Meter constant based on change in flow tube modulus with
temperature
lcﬁ2 = Meter constant based on change in thermal stress with temperature

Muae = FCF(AIMM ‘_Ato)

MOD,, = kg - T,

5 &, = Constant for Density effect on flow
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[ [ [ ' t tine of density 15

vi bration period constant determ ned a d
lézzil ;rglr):tion of fIO\I[/)vrreter Tl Flow tube tenperature T,,,, = Tgrrper?';];[ esg}‘_d |
network sensors T O 15. The nmethod of claim6 characterize Iégnyéw'pkﬁrﬁ@og{
step of generating corrected output data conprises the step

: i he expression: in=m[ 1 + MD] ~ [
corrected mass flow rate by solving t ; Mass flow tate FCE = Fl ow
1 + STRESSEOMP ] = [ Thot \%’E‘%ﬂ}ﬁégﬁggr&gbs%pwg{q%nmn%d al palcs depsity = Ti ne

[ [ neas = _
32: ;Srgzlggrgaﬁg?rﬂﬁt fl.ow Met er constant based on change in flow

. k f,I _
t ube’ modul us with tcgl‘r%ré”rf'gtf'l?}g‘:’w‘ie@r Met er constant based on change in

| = FCF(At"feas - Ato ) Mxam k f,
her mal stress with rature MJ13C S
El'f e5 k f :%onstant E%)r nﬁ)@)ﬁgﬁef”feéﬁ“é%t an flow 39 16 Decenber 2003

Tube vi bration period constant determ ned at tinme of density
T.. = Temperature of network sensors

com

20 T = Temperature compensated tube vibration period

cl

STRESS,,, = L (L -T )

DENSITY,, =k, -(r., k)

16.  The method of claim 1 wherein said step of compensating includes
the step of deriving corrected output data regarding the density of said material.

17. The method of claim 16 wherein said step of obtaining corrected
output data regarding density includes the steps of:
configuring said flowmeter to input constants from memory;
calibrating said flowmeter io derive constants;
5 determining an uncornpensated flow rate;
determining a compensated tube period corrected for flow:
determining a tube pericd corrected for flow, modulus, and stress:
determining a linear density equation;

determining a differential tube period equal to the difference between

0 said compensated tube period and a flowmeter constant kz determined during

density calibration of said flowmeter:

multiplying said linear density equation by the sum of 1 +the product

of a meter constant ¢, times the square of said differentig| tube period + the

product of a flowmeter constant ¢, times said differential tube period.

18. The method of claim 17 wherein said step of deriving corrected

output data regarding density of said material includes the step of:
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calibration of flowreter Flow tube tenperature Tom = Tenperature of network
sensors 20 t i - Tenperature conpensated tube vibration period STRESS Ca"W
=k f 2 (Tf DENSIT=k -(z- -k COwW ff 3 CT 2) 16. The nethod of claiml1
wherein said step of conpensating incl-udes the step of deri vilh&ecombea08y
out put data regarding the density of said material. 17. The method of claim
16 wherein said step E 3l Dl corrected output- data regardi ng density

i ncl udes the steps ofcghg@%ﬁjggér'aﬁﬁwé’é?tﬂffq b censtantsi apul, , 60RSt aptsgf rom
menory; C%{}'P%%f&i ng sajd fl oweter to derive constants; 5 detéfmning an
unconpensat e oW Bt 8" se meatad plieagoaicsonpensat ed tube period corrected
for flow, determning a tube period corrected for flow, nodulus, and
stress; determning a |inear density equation; determning a differential

tube period equb¥ toThéenethbd ef enan ey, ai d conpensat ed tube
onstant k2 det eﬁ%@ﬁ%aé@uﬁi?ﬂﬁf88@W§91¢9"@§lﬁdbr ation

period an f ter
of said f%é@ﬂ%%@%ﬁﬁﬁfqﬁw FeRghsef wid hmiariakiﬁﬁl&i:léytr?élé'é?ioqn by the sumof 1
+t he product of a r&ggr const.ant c, tines the square of said differential
tube period + the prd [ﬂ,tfngo?ra'%ﬂﬂwmmeft@rdeienﬁmérﬁor%teﬂwt;‘,i pes. spid
differential tube period. 18. The nethod of claim 17 wheréi’n?sa>d agfjep of
deri vi ng d_btor.ect ed output data regarding density of said material includes
the step of. 40 16 Decenber 2003 configuring said floweter to input
constants a,, a2, c" C4, and F

20. : ' :

The method of claim 17 wherein said step of deriving corrected

output data regarding density of said material includes the step of:

determining n1,,. = FCF (AL, - At,)

Where:
5 FCF = Flow Caiibration factor
At = Time delay of pick off signals
At, = Time delay at zero flow
21.

The method of claim 17 wherein said step of deriving correcteq
Output data regarding density of said materiaj includes the step of:

calculating 7, =7 . F,

Where:
5 - Lo
Ty Compensated tube vibration period for mass flow effect
T = Raw measured flow tube vibration period
m = Mass flow rate
F = Density flow effect constant
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froma nenory of said neter electronics. 19. The nmethod of claim 17 wherein
said step of deriving corrected output data regarding density of said
material includes the step of: calibrating said floweter to determ ne .
constants ¢, , c2, k2 , and At0. 20. The nethod of claim 17 V\HEII@P‘?F'E“&?@O:;
step of der|V| ng corrected output data regarding density of said materi al

i ncl udes the 82ep &he rdellheldmfmlangw T wheh§h s(a(ﬂ@i& Sof c%tr@m%; c}%@cﬁ%% 5 FCF

Ti me

Fl ow Cal L h act r Ti.me. del ay i ck off Si
del ay atO {Q?Edgfgoﬁgﬂ ng W%gméaaks’fmétearahm d@lﬁéhélsmpaaﬁ d step of deriving

corrected output g@‘bgiaq,ggqhgleggd%ﬁby ty of said material includes the step
of. calculating r - V\here: Conpensat ed tube vibration

period for nmass Ll C tube vi bration period Mss
flow rate Denzfsﬂty ?ﬁoﬂﬁe%f&;tjjg 3?(;71 «%@ Decenber 2003 22- The net hod
of claim 17 wherein said step of der| ving corrected output data regarding
denssty Whesai d material includes the step of: calculating the expression
=Tfd 1+a, Tf +a, - (-Tanm) 5 Were:

T, = Compensated flow tube vibration period for modulus, stress, and flow

T

P = Compensated tube vibration period for mass flow effect

a & a, =Tube vibration period temperature correction constants for modulus and

stress
0 Ty =T, —m- £, =Flow tube vibration period compensation for mass flow
T, = Raw measured flow tube vibration period
m = Mass flow rate
F,= Density flow effect constant

23.  The method of claim 17 wherein the step of deriving corrected output
data regarding the density of said material includes the step of calcuiating the
deviation of the material density from that determined by the linear density
equation

2

5 pm =(Cl-rcp_c2)

2 .
where ¢, and c, are constants and T, is the compensated tube period squared

24.  The method of claim 17 wherein said step of deriving corrected
output data regarding density of said material includes the step of:
modifying the expression

—_— - 2 — N H
Pn=(¢ 7, -¢) toinclude the non-linear components

5 _ (It e (7, k) + e, (7, ~ k)
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Tip = Conpensated flow tube vibration period for nodulus, stress, and flow
T fd = Conpensated tube vibration period for mass flow effect a , & a2

=Tube vi bration period tenperature correction constants for S %%
stress O Tfd m- n2 F. =Flow tube vibration period corrpensa??gl##gmg 5083

flow M= [k ereRaW nmeasured fl ow tube vibration period Mass flow rate
Density flow eéffect constant 23. The nethod of claim 17 wherein the step of

deriving gorrected output i . sity.of said materi al
i ncl udes tfie step of cal cﬁag?ﬁﬂegrsgﬂég&ﬁ%gg?%%]?@gﬁb Q%réo terial density
fromthat determ ned by the |linear density equation 5 Pm=(c,- Z r~,-c2)

where c, &pd c2 are const onspensatdd flow tibe vibeagengedicd fdruhednes | Brbssquar ed
24. The nmethod of claim 17 wherein said step of deriving corrected output

data regardi ng density of jsgigd, material includes the step of: nodifying the
expression P~ (c, rp-=¢ to include the non-linear conponents 5

(1+cfp (z- g k2) 2+cC, - (ri p-*@ége,ﬂgné@"&gmhs@os Wiere. T m

k2 . = Tube vibration period constant determined at time of material

density calibration.

.6y ,6,&C, = Single tube material density correction constants

25.  The method of claim 17 wherein said step of deriving corrected
output data regarding density of said material includes the step of:

calculating the density of said material from the expression

P, =(¢ 1, -6) (l+c -(rcp—k2)2+cd-(rcp - k)

5 Where:
Jo = determined material density
k, = Tube vibration period constant determined at time of materiai
density calibration.
(:3& c, = Single tube material density comrection constants

26.  The method of claim 25 wherein the value T, is determined by

solving the expression:

fcp =Tﬁ.\/1+€1| 7}+az.(7_'f _:Z:om)

Where:

5 a7 = the modulus effect on density

a, (T, ~ T ) = the thermai stress effect on density

com

43



Tp 10 Raw neasured flow tube vibration period = Conpensated flow tube
vibration period for nodulus, stress, and flow = determ ned nmatléDicaémber 2003
density = Tube vibration period constant determined at time of material
density caPn@rataredlowmeter coBstans periminl éo mitkiivabag itedrnig ety e§eEr ect i on
constants 25. The nethod of claim 17 wherein said step of deriving

correct edn deatiput data regarding density of said material i ncl udes the -step
of: calculating the density of said material fromthe expression pm =(c,
r,--c2)' (1+c3' (TCP-k,)2+c4' (rp-k2)) = determ ned material density = Tube

| brati erbpd C r.1 i ri.al  density

\(;1'3.| irgr :i?inolr[]). %g &gﬁé}:ﬁgmgﬁt{aaﬁ%g%%’?éer?fna%‘%‘ag%?n’%g%@f'?%E’P[rﬁﬁte@onstants.
26. The omtpbbdatafreghading denwheineiudet ige ¥RIpUSF JolviBg itise €Rb@YsBigped by sol vi ng
the expression: rip =T fd "' Ji +a, - Tf + a2 - ‘c(’Tf -Tom) Were: 5 a, -

Tf = the produl Dengfhect ypn+qensiftayiod (T + JTempa-ibhe thprmal stress
ef f ect oﬁ%ehﬂsity 4 ’".“L‘G)Beceﬁger 200370, and?a, are fi"6wheter constants
pertaining to nodulus anal thernmal stress effect on density 27. The met hod

of cl ai M¥D9¥r&herein said step of deriving corrected output data regarding
| i ncl th ep.of sqlving the expression;
densel) ty ine %%Stem%fﬁ’epzoimﬁ is thg d:fferencep between the compensated tube

vibration period T, (for temperature, stress, and flow) and a tube vibration period

constant &, determined during density calibration of the flowmeter.

28.  Apparatus that provides thermal stress compensation for output data
of a Coriolis flowmeter having a flow tube and a balance bar that are adapted,
when in use, to be vibrated in phase opposition in a drive plane; said flowmeter
generates Coriolis deflections of said vibrating flow tube in response to a material

9  flow through said vibrating flow tube;

said apparatus comprises:

apparatus that generates a first signal representing the Ceriolis deflections
of said vibrating flow tube;

apparatus inciuding a sensor affixed to said flow tube that generates a

10 second signal representing the temperature of said flow tube;

characterized in that said apparatus further comprises:

apparatus including additional sensors thermally coupled to a blurality of
additional flowmeter elements exclusive of said flow tube that generates a third
signal representing the composite temperature of said plurality of additional

15  elements;
said third signal is generated by combining the outputs of said additional
sensors to form a network having an output that transmits said third signal to meter

electronics of said flowmeler:
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(Density,,,,,,,,,)[ 1 + C3(iPeriodcanp) C (dPeriodt,o,)] Wiere: 5 The term
(APeriod' onp) is the difference between the conpensated tube Vi b Bbi@iber 2003
period rP (for tenperaﬁure,,stress, and flow) and a tube vibration period

constant k_ dSPkmeleselesiranics ahEice) esasaidsecomhand thiresighairarier . 28.

Appar at ug.f; ; I mal, stress c ensation for output data of a
Cori ol i siﬁ'?m%ré@éﬁﬁhg@fﬁéé‘éi&gﬁaw ﬁrﬂﬁf@a&ﬁgrggs BRPURL I $rid flomalubarty saidpt ed,
when in pheality of Bewridiseélethants: pi@se opposition in a drive plane; said
flowneter generates Coriolis deflections of said vibrating flow tube in
response to a material 5 flow through said vibrating flow tube; said
apparatus conprises: apparatus that generates a first signal representing
the Coriolis deflections of said vibrating flow tube; apparatus including
a sensor affixed to said flow tube that generates a 10 second signal
representing the tenperature of said flow tube; characterized in that said
apparatus further conprises: apparatus including additional sensors
thermally coupled to a plurality of additional flowreter el enents
exclusive of said flow tube that generates a third signal representing the
conposite tenperature of said plurality of additional 15 elenents; said
third signal is generated by conbining the outputs of said additional
sensors to forma network having an output that transmts said third signal
to neter electronics of said flowreter: 44 16 Decenber 2003 said neter

el ectronics that receives said second and third signals and delivers
information regarding the thermal stress applied to said flow tube by said
plurality of flowreter elenments; and 4411
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16 Decenber 2003 20 said neter electronics uses said information regarding
the thermal stress on said flow tube to conpensate output data of said

flowreter pertaining to said Rowing material. 29. The appar aiys.2fb& Righ
28 wherein said apparatus that generates said second signal conprises:. a
first sensor coupled to said flow tube; said apparatus that generates said

thir i gnal c ri : n r k hayi an output,.that extends said third
Si gn%osf rom sa?’gﬂ rg%%fF*Egﬁgﬁ%@ﬁ%%;@gfrﬂgrggﬁlgnr@é)%@rg BhHEMA STeRS R i ng t he
conposi t e saRes Ribats compensatd qutpttalatd of Rid bR perhiniRy © sdipwreter, 0
said network is configured so that outputs of each of said additional
sensors dewing Watedat o anplitude of said third signal proportionately to
the thermal stress inparted by each of their associated fl owneter el enents
to which they are connected on to the total thermal stress inparted to

sai d Row tube Bf. salhke apphtbluisarfzlaiml28neintrsin saidlappaatud thattgemeedtest r oni cs
det er m ne ' bet ween said flow tube tenperature and said
conposi te§?fg%ecgg{if3®rg§[]§oena%qsee\r§fﬁ ne the thermal stresses applied by said
plurality of ehdmtsessdraoupled thlsai flaworbe30. The apparatus of claim 29

wher eLp..said-plurality of _elenents conprise said bal ance bar and said case
Wi th LA ey gy 5 B BBOnR L et I SHBFSIS calbmr cloeianas e

and ‘vxﬁgf"'ﬁ“‘*xﬁﬁfljﬁ?i‘?ﬁéi‘i@;%b‘éﬁ}’ﬁiﬁ?é@@cﬁﬁ?@ﬁél;,‘%jéﬁéﬁ“fﬂg@? ST ea eV eRFe
bal ance bar. 3I. The apparatus of claim 30 further conprising circuitry for
connecting safdid agaamEiusihpt gensrales saif Bisd isignal eompiisassai d network. 32. The

of a1 d et wor B At hpl 2o 5t Sl ferls <oy i ol IBATAET o cor 45
16 Decenbaddiliond sensors to said meter electronics denoting the composite temperature of
said plurality of elements of said flowmster;

0 said network is configured so that outputs of each of said additional sensors
contribute to amplitude of said third signal proportionately to the thermal stress
imparted by each of their associated flowmeter elements to which they are
connected on {o the total themal stress imparted to said flow tube by said
additional elements; and | '

said meter electronics determines the difference between said ﬂdw tube
temperature and said composite termnperature to determine the thermal stresses

(5]

applied by said plurality of elements to said flow tube.

30. The apparatus of claim 29 wherein said piurality of elements
comprise sald balance bar and said case with a first one of sald additional sensors
being coupled to said case and with at least one of said additional sensors being -
coupled to said balance bar.

31.  The apparatus of claim 30 further comprising circuitry for connecting
said additional sensors in series to form said network,

32. The apparatus of claim 31 further including circuitry that conpects the

output of said network over at least two conductors to said meter elecironics.
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33. The Coriolis flowreter of claim 32 wherein said additional sensors
conprise: a second additional sensor and a third additional sensor each
coupled to different |ocations of said balance bar, 5 a fourtdpaddipti fmal
sensor coupled to said case; a first circuit conprising a series connection
of the signal outputs of said second and third and fourth additional
sensors; 4511336 DeRethiolis AORmBRirdf BRINARKyIRERNGS saliloraieRsoonnect i on
of outputs of said seg%ﬁ aﬁd thﬁiﬁ aan?ourth ag%?%?ona? @en@or@ to said
met er el ecompnises to provide 10 information regarding the conmposite
tenperature of _the rt,Lons of said e and...said bal ance bar tq which

sa 8 second and SRPRG SHHESTaHerR LA § RUER ot e Fe8 cdibiet o 54 e
Cori'oli s ttHawmtliecaliohsafabia Bilavdeetiar n sai d second additional sensor is

proximate an end portion of said bal ance bar. 35. The Coriolis flowmeter of
cl ai m3B4 wher ePAOWH §AQHPRY S£AFPR SWRIA] OSEKEEASE s coupl ed to a portion of
sai d bal ance bar@tiRlit kolfpWehg adis'cBRREQIontd thé SigHaPQitbL_Dbidhsal.d

bal ance bar to Ich said ecoggladgitiona sensorgps couBPed. 36. The
Coriolis Beogntbard thifd andifourtBmdafiienal sensees;d fourth additional sensor is
connecl-ed-to-an-inneruallof —sal.d case.-37 - The.Corhalis. floweter. of

cl ai g3 whecel i eaeh ot satl Adat s fongl i senor SUh RSt T and S SEC
outpuf "tTérm nal ;" 'said series connection of sai ¢ outputs of sa

third and 5 fourth additional sensors connects said first and second
output termnals of said second and third and fourth additional sensors in
series to said first circuit so that

D
D
2
g
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the signals applied to said network represent a conposite of the signal
out puts of said second and third and fourth additional sensors. 38. The
Coriolis flowreter of claim 37 wherein said network conpri SeslcfﬁDeJeh{b%P 2003
circuit that consists of two conductors extending between said series

connection of sai d saidt .pemrrotemug SSRESiEARShridetibe ARt sﬁﬁgr&f%a&ﬂdi tional
el ectronics. 46 16 Decenber 2003 39. The Coriolis

sensors and g H(ng%
f1 ownet erse&P" |aa afd dowith agditignaleisusors fausaid snetes slastioniss @ previdad

cir t GRIdSIn n L I,r St sensor
coupl ed ? 0 sa?gbl?l r?lh eht%gag}ab%%%%ﬁﬁgaig%t&c}hﬁgwrﬁ%%saoﬁi’ﬁ%d@ﬁ cﬁr\d

f | owret ersaid bglancerb8Otonkbichisaic atcbraksmdthid andifdurtthadditionanssisers ared

si gnal out ]; of said first sensor with said sighal processing means

I ncl udes %res of which one wire is one of said two wires of said first
circuit and the other wire of which is unique to said second circuit. 41.
The Coriolis flowreter of claim40 wherein each of said circuits has a
ground terni nd#. coifthe Qaribiis floswneenof olatrh&3gkherath bsiddaranddddmstyl ot her of
said circuits and.a single conductor connects the common ground termnals
of each GPNS%f '§£’i@‘"§@?&68§”\ﬁnRW‘%%PESWQtt@'a@%E@fron| cs. 42. The Coriolis
flowreter of claim4l in which three conductors connect said outputs of
said circuits with said neter electronics; a first one of said three
conduct ors beBhAg uﬁihq@rbdisélaiwdnétbrsfclaimﬁuiWherem saiddhidd edditidnasai d t hree
conductoré is.unhﬁﬂe to sa circuit; 5 a third one of said three

conduct o &MY 1R SAHRIRAHS abq)qrﬂogg aa'g halgnce. pacaxialsinwarg i) eespesbing
Circuit. s4id-poien 8PPAE Hatincd b 18RI SWRESIdndSRi dhidTRl SenELPRIRPIGS al so

36.  The Coriolis flowmeter of claim 35 wherein:

said fourth additional sensor is connected to an inner wall of said
case. ‘

37.  The Coriolis flowmeter of ciaim 33 wherein:

each of said additional sensors has a first and a second output
terminal;

said series connection of said outputs of said second and third and

5  fourth additional sensors connects said first and second output terminals of said

second and third and fourth additional sensors in series to said first circuit so that
the signals applied to said network represent a composite of the signal outputs of
said second and third and fourth additional sensors.

38.  The Coriolis flowmeter of claim 37 wherein said network comprises a
first circuit that consists of two conductors extending between said series
connection of said outputs of said second and third and fourth additional sensors

and said meter electronics.
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derives corrected output data regarding the flow of said material. 44. The
apparatus of claim 28 wherein said nmeter electronics is progranddeagnppr 2003
instructions for directing a processor in said nmeter electronics to

gener at e conp@Bsat dtiedlanuiis fidatneetby oflelaen BBrwmereansaid cetperksfattedr mass f | ow
rate; deriving a nodulus conpensatiop; deriving a therml stress .
CompensabPBIfrSang SPron BEdLrber Satbe: (e Ry e R ER ST ea SHRES | ow
rate andsgpssh cpied'® sai@ BRNEBE it@BaRNAetRidledtittid®l stress conpensation to
derive a corrected nmass flowrate; 10 said nmeter electronics having a

menory readabl e by said processor for storing said instructions. 45. The

appar at us of ai : | ' |.d. cOrl. ! ow rate
i s obtained bébsargﬁlérg r&'gﬁbgj#éérgmﬁ I&\SW?,%@@%Q@ %{é%%gﬁ%gﬁg@t %@%s flow
rate by topherds saiddksigh@romputsdfreass fico spenwatittosaidnigial prece timpaichns
conpensation; 46. The ag)pﬁ_r tus of claimd45 characterized ,n that said
cor r ect eNGHHEES two Wikes at which ang wihe s e 8f Bald 1y WiseSiof sl firgtiGirgHi -and

der | vi nay GRS Wirk AUMERRAALe 15¥Id Hoghagieand unconpensat ed mass f1 ow

rate by t plus s tress conpensation and 1 + said nodul us
conpensation and |+ said density conpensation to obtain a corrected nass

flowrate. 47,,The rat.ug _of cl aim44 aracterized jn.that said
i nstructions 4b‘ene1§$g§°§5’ﬁ' %HW(% %ﬂ?ﬂ?@a&pl%%r?ﬁ%acjﬂlos%ﬁ'@icﬁﬁl_‘"fsr{:]%as a
expr essi givunditerminAl B8fmectéd @) cavieion toRGE grolhdteretisdl of dachroahést Jaagtor 5
O ea = Tinme delay of pick off signals
circuits and
a single conductor connects the common ground terminals of each of

5 said sensors with said meter electronics.

42. The Coriolis flowmeter of claim 41 in which three conductors connect
said outputs of said circuits with said meter electronics;
a first one of said three conductors being unique to said first circuit;
a second one of said three conductors is unigue to said second
5 circuit;
a third one of said three conductors is commaon to both said first

circuit and to said second circuit.

43. The apparatus of claim 28 wherein said meter electronics also

derives corrected output data regarding the flow of said material.

44. The apparatus of claim 28 wherein said meter electronics is
programmed with instructions for directing a processor in said meter electronics
to generate compensated output data by

determining an uncompensated mass flow rate;
5 deriving a modulus compensation; '

deriving a thermal stress compensation; and
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[ [ f claim44
Time delay at zero naterial flow 48. The apparatus o
ﬁ]gr acteri zedyi n that said instructions that der! ve Salfl nodul usCO ot
conpensation sol ve the expression (kf;, TI) Where: kfl F 2%63@%3&%352@%’
based on change in flow tube nodulus with tenperature 48 cel f20
Tf Fl ow tube terrperatur?e ,39. The apparatus of claim44 characterized i
H

that said instructi‘GH¥

conpensati on sol ve >Fi7Tg

Unca@pepeatedirnass 8owahtesame ssidanopesat i on sol ve

asFh ' , ' based on
' | - ere; kfi2 Flowreter constant
tcﬂgng)e(pirn thﬁhngg:ﬁogta?gg%l%mtehmg? %té%rsi)seroarba?gsaltfonﬁp ”c"ﬁtfbc‘?"é?r?}éﬂdﬂ%&‘elllo, ~
Conposi t loverater at ure of network sensors 50. The apparatus of claim
charggcterized in tgat sah% Il nstructions that derive said density

Elrfomirshaving a(rpemory keadabithiy saidkfredessdrl k2

Const ant fbostoReg sbidyinghi@ehson material flow

w

45.  The apparatus of claim 44 characterized in that said corrected mass
flow rate is obtained by said instructions multiplying said uncompénsated mass =~
flow rate by 1 pius said thermai stress compensation and 1+ said modulus
compensation.

46.  The apparatus of claim 45 characterized in that said corrected mass
flow rate is further obtained by said instructions:
deriving a density compensation:;
multiplying said uncompensated mass flow rate by the 1 plus said
stress compensation and 1+ said moduius compensation and 1+ said density

compensation to obtain a corrected mass flow rate.

47.  The apparatus of claim 44 characterized in that said instructions
generate said uncompensated flow rate by solving the expression

FCF-(At,,, —Ar) where:

FCF = Flowmeter calibration factor
At = Time delay of pick off signals
At = Time delay at zero material flow

48.  The apparatus of claim 44 characterized in that said instructions that |

derive said modulus compensation solve the expression (kﬁl . 7})

Where:

kﬂl = Flowmeter constant based on change in flow tube modulus with

temperature
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Tenperature and stress conpensated tube vibration period Tube vibration
period constant determned at time of density «calibration of flowreter 51.
The apparatus of claim44 characterized in that said instruct ifﬁﬁ etnlﬂ)% 003"
generate corrected output data derive a corrected nmass flow rate %y sol'ving
the expression: m= FCF (At . -&a)-[1+(kf(, .T)]-[1+kftz(Tf

-T.M]-[ 1] t 3=- (2! FroziubeeMpeFAurd N _ Mass flow rate FCF = Fl ow
calibration factor 49 16 Decenber 2003 dt,"f = Tine delay of pick off
signals Ato = Tine delay at zero material flow 10 k[t]l = Meter constant
based on change in flow tube nodulus with tenperature kfZ = Meter constant

based on changggin Theg W r.e 6f 3 .= . Meter, constant
for density effect on ma erra?ja{gffs?%w uﬁ?%ﬁ‘%ﬁ‘#’dﬁt @fﬁig "%%HQ‘QH? that

det er mi netkrivie $didehermaASBESS YorkBehtidt SO he tgr Vi Flow tube
tenperature T, = Tenperature of Enetwor kﬁﬂ\éégghgréxér%g%ﬁ%ﬂét uﬁgmﬁxd
stress C%Elens.at ed flow tube vibration period 52. The apparatus of claim44
charact er"2&fi n that said instructions that generate corrected output

dat a deri%e a corregcted nass flow rate by solving the expressionn m=m 1
+ MOD 1 +*®&TRESS E Hwpptercapstgnidassd on'change in thermal stress with

5 temperature
7} = Flow tube temperature
r = Composite temperature of network sensors

90.  The apparatus of claim 44 characterized in that said instructions that

derive said densi i i
ty compensation solve the expression ks (7, — k)

Where: _
k,, = Constant for density effect on material flow

5 T, = Temperature and stress compensated tube vibration period
k, = Tube vibration period constant determined at time of density

calibration of flowmeter

51.  The apparatus of claim 44 charécterized in that said in:étlr*uctions that

generate corrected output data derive a corrected mass flow rate by solving the
expression: ' |

m=FCF- (At —AL) [+ (&, -Z})]-[1+km(]} —Tc'om)]-[l+km (7, = k)]

5 Where:
m = Mass flow rate
FCF =  Flow calibration factor
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QP 5 Were: rnunc = FCF(Aineas - @Qo MXD onp =k,,, - T, STRESS d"p =

kfiz (Tf DENSITY,,, kr 3 (zcr - k,) O Were: rn = Mass.flow rate 50 16
Decenber 2003 At FCF = Flow calibration factor neos Ato = Ti mg §el %}é’ oé 3

pick off signals = Tine delay at zero material flow Meter consd RAteIREE&80%n
change i \\f | ow tubgimedeldisompithorilsimgs ature k frz = Meter constant based

“T1EQ.

on change "M thermal stress with tenperature Tf = Flow tube tenperature
To,,, = Tenperature of network sensors 20 rC, = Tenperature and stress
conpensat¥d flow t hi5ee delyaatizsmo peateoe B8 The apparatus of clai m 28
wherein said neter electronics is programed with instructions for

dirggting a procesgRief i r..e r.oni ate, corrected

out put dgct”é regar diﬁ%gr;et%er%géeﬁsﬁ%gao é@ eﬁrﬁtﬂgﬁ’itgﬁ,e rﬂggﬁhﬁé"f@r el ectronics
has a menory readabl e by said processor for 5 storing said instructions.
54. The appar at us WMREraiufe53 wherein said instructions obtain corrected

out put d%t a regar dAAn(t; density by: i
12 = eter constant based on change in thermal stress with temperature

kg = Meter constant for density effect on material flow

k, = Tube vibration period constant determined at time of density
15 calibration of flowmeter

]} =  Flow tube temperature

T = Temperature of network sensors

= Temperature and stress compensated flow tube vibration period

cl

52.  The apparatus of ciaim 44 characterized in that said instructions that
generate corrected output data cerive a corrected mass flow rate by solving the

expression:

m= mul1+ MOD,, )1+ STRESS,,,,,1-[1+ DENSITY,

comp ]

5 Where:

e = FCF(AL, ~ At,)

MOD,, =k, T

comp

STRESS,,,, =k, T, -T,)

DENSITY,,, =k, (o ~ k)

cam

0 Where:

m . = Mass flow rate
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configuring said floweter to input constants frommenory; calibrating
said flowneter to derive constants; 5 determ ning an unconpensated flow .
rate; determ ning a conpensated tube period corrected for fl T
deternining a tube period corrected for flow, nodulus, .and s?ﬁe@gﬁemberzom
determining a |inear density equation; determning a differential tube
peri od efU&l t o=t hidodi ddliretmrefdotéreen 0 said conpensated tube period and
a flowreter constant k2 determ ned during density calibration of said

fl ownet elN!,_ 51 1% Deoenelay@ickwif sigra)d ng said |inear density equation by
the sumof 1 +the product of a neter constant c3 tines the square of said

di fferenfi,al tube iQd + the product, .of a floweter constant C4 tines
4 il 081y 4 FerSE RN By,

sai d diffrétential aratus of claim53 wherein said
instructions derive corrected output data regarding density of said

rratwialkp%/: cc-ﬂfih@erérrc@n%edrmbfabémt@{adg@ihmewtusegnz&ﬂ%éwﬂh’ az, c3, c4
ro .

, and F. ma nmenory of said neter el éctronics. e apparatus of
claim53 wherein said instructions derive corrected output data regarding
density of said nmat@PesUSS calibrating said flowmeter to determine

constantf Cl’CZJt% 2 andpéﬁjg. gg The apparatus of claim53 wherein said
i nstructfons deéri Ve EoFPES ABet FIHCh#A0s I Hrpimal aesewsh tgmeeratural
mat eri al by executing the steps of: nmeasuring Atneas , At. and m Were: 5
At Meal F Ti me =delrgoty ¥ bPit&hplfdtul gnal s  Atp = Tine delay at zero materi al
fl ow m ="'Raw neasured flow tube vibration period 58. The apparatus of claim
53 wherein said instructions derive corrected

T = Temperature of network sensors

com

20 T, = Temperature and stress compensated flow tube vibration period

53.  The apparatus of claim 28 wherein said meter electronics is
programmed with instructions for directing a processor in said meter electronics to
generate corrected output data regarding the density of said material: |

said meter electronics has a memory readable by said processor for
5  storing said instructions.

54.  The apparatus of claim 53 wherein said instructions obtain corrected
output data regarding density by:
configuring said flowmeter to input constants from memory;
cahibrating said flowmeter to derive constants:
5 determining an uncompensated flow rate:
determining a compensated tube period corrected for flow:
determining a tube period corrected for flow, modulus, and stress;

determining a linear density equation:;
determining a differential tube period equal to the difference between

0 said compensated tube period and a flowmeter constant k2 determined during

density calibration of said flowmeter:
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out put data regarding density of said material by determning unc = 1" C
(Atnmeru - AtO Wiere: 5 FCF = Flow Calibration factor Atneass = Tine del ay

of pick off- signals 52 16 Decenber 2003 At0O = Tinme del ay at z?rg)flow 59,
The apparatus of claim 53 wherein said instructions derive cof?bepggpber 2003

out put data regarding density of said material by calculating zfd = m- nz
Fd \Were: z fd = Guiiensgtsad tinder deiyitgtdtieg byale s S ect 5
zm = Raw neasured flow tube vibration ptgr iqgld rrmy: l\/gss ?T‘?ﬁvjr{ea@‘\gdﬁé{:
Densi ty Pl BW&Er eensteshs; imesabe sThercphsaididiffereftisltabansRonhergi n sai d

I nstruction derive corrected output data regarding density of said

mat eri al pREueRbES ndty ession zpz zfd 1+a, 7f+a2. (Tf-Tnm) 5 Were:
cp = Cbn%engated ﬁ?gQ/ 8E§8W§§B£€%ﬁﬂ“ﬁé%ﬂ%dﬁ&%?nm%awwnegn ress, and flow T
fd = Conpensated tube vibration period for nmass flow effect a, & a2 = Tube
vi bration period tenperature correction constants for nodulus and stress

.2 10 T fd =ggm = e Vi tion.perjod conpensation for nass
flow zm = RaV\? Sﬁeasﬁﬁ%é DE %%#% léﬁQIW%M’BW"EéﬂddBSWW‘J”ﬁ desive coirentedat e
output data regarding density of said material by:

configuring said flowmeter to input constants a,,a,,¢,,¢,,and F,

from a memory of said meter electronics.

36.  The apparatus of claim 53 wherein said instructions derive corrected
output data regarding density of said material by calibrating said flowmeter to

determine constants ¢, c,,¢,,k,, and At,.

57.  The apparatus of claim 53 wherein said instructions derive corrected

output data regarding density of said material by executing the steps of:

measuring Az, At, and T

Where:
5 At = Time delay of pick off signals
At = Time delay at zero material flow
T, = Raw measured flow tube vibration periad

58.  The apparatus of claim 53 wherein said instructions derive corrected
output data regarding density of said material by determining

Mune = FCF(Atmefu - Atﬁ)

Where:
3 FCF = Flow Calibration factor
At = Time delay of pick off signals
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Fd = Density flow effect constant .93 16 Decenber 2003 61. The apparatus of
cl aim53 wherein said instructions derive corrected output data regarding
the density of said material by cal culating the deviation of t er,
density fromthat determined by the linear density equation rtlgl@r?f%@le.rzga}'
-c2) 5 where ct and c2 are constants and z p is the conpensated period
squar ed 647, The =apfametddapht ebmifibel wherein said step of deriving
corrected output data regarding density of said nmaterial includes the step
of: multiplying the expression pn, _ (c, r p - c2) representing |inear
conponents by the expression (1 + ¢c3 - (r~P - k2)2 + c4 . (zip - kz))
representing $on-Thenagparetspeingaiis 5 Yheiarein S0 kkstARtion S 8L AIdLORLtoRt er i al
density = Tube vibration period constant determned at tinme of material
density oatputrdata esgargihgsdarkity obisad M EN Sity coppection
constants 63. Themégppar gﬁs of clai m%@@mﬂeﬁaﬁégﬂuﬁﬁnﬁtrﬁmi%ﬁs derive
correcte out put data regarding density of said material by calculating

t he densi Q/e@f said material fromthe expression per,=(ci rp-c2)-(1+c3(r

-k2) 2+c4(y -k2 Wher e: = determ ned material densit
) (?J’M =)éompensatedF%HLe vﬂuratlon period for mass flow effecty

5 7, =Rawmeasured flow tube vibration period
m = Mass flow rate
F, = Density flow effect constant

60.  The apparatus of claim 53 wherein said instruction derive corrected
output data regarding density of said material by

calcdlating the expression

T =‘_rﬁ, -Jl+a,-7} +a2-(]}—fc'am)

cp
5 Where:
i = Compensated flow tube vibration period for modulus, stress, and flow
Ty = Compensated tube vibration period for mass flow effect

a,& a, = Tube vibration period temperature correction constants for modulus and

stress

.2
0 7, =1,—m-F, =Flow tubevibration period compensation for mass flow

[P Raw measured flow tube vibration period
m = Mass flow rate
F, = Density flow effect constant
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k2 = Tube vibration period constant determned at tinme of material 54 16
Decenber 2003 density calibration. C -& c, = Straight tube material density
correction constants 64. The apparatus of claim 62 wherein saj #pecember 2003
instructions determne the value rc , by solving the expression: rip =r

fd 1l , T 2 - - ..T. = th dul us, ef f ect
densi ':r yaef f ec':rsﬁaz\]ﬁ? ?Ppgpar*nug. ?y\&%{fﬁéﬁt@é@ﬁﬁ? S%Fr'@%@”‘gnpl”g&%?'ﬁg C&E’%gi& a,

and a2 = eutpuf datarregarding iy dev SityReTdard HAEridibydenNsibYnghe dBRaaRPES @kus of
claim53 wherein sald instructions generate corrected output ?iat a

r egar di ngnatargl densiv fomythabdetenminatebie e knaaraenspy equatemsi ty, , ,,,,) {1 +
c3 (APeriodconmp)7 + c4 E(i Peri odconp )J VWere. n 5 Density,,, , = Pm=cl r
2 cp - C2 The term (APe F:Od'&o’nﬁz)) is the difference between the conpensated
tube -period rp (for tenperature, stress, and flow) and a tube period

constgnt #ﬁered@ta?lﬁn'bgsﬂz HdiRgksdgppi ty calibration. 66. The apparatus of

cl ai m 53 wherei'n said instructions that obtain corrected output data
regardi ng density includes instructions for: determ ning a conpensated tube

peri od; djetiertm oompenshisdeperigieBgudrgdequat i on; 55 16 Decenber 2003 5
determ ni nﬁ a differential tube period equal to the difference between
sai d conpensat ed tube period and a fl owreter constant kz determ ned during

62. The apparatus of claim 61 wherein said step of deriving corrected

output data regarding density of said material includes the step of:

multiplying the expression p,,,' =(c, -r; - ¢,) representing linear
components by the expression (1+ ¢, - (z, - kz)2 + ¢, - (7, - k,)) representing

5 non-tinear components

Where:

2. = determined material density

kz = Tube vibration period constant determined at time of material
10 density calibration.

o &c, = Single tube material density correction constants

63.  The apparatus of claim 53 wherein said instructions derive corrected
output data regarding density of said material by calculating the density of said

material from the expression

Pn = (Cl 'Tczp _Cz)'(1+ca -(rcp _kz)z +c, '(Tcp _kz))

5 Where:
o, = determined material density
k2 , = Tube vibration period constant determined at time of material
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density calibration of said floweter; nmultiplying said |inear density
equation by the sumof 1 +the product of a meter constant €3 times the .
square of said differential tube period + the 10 product- of a,flo ter
constant c4 tinmes said differential tube period. 67. The appa}ébﬁge%tfergpgﬁ m
66 wherein said instructi ons.ézle ermne the value of rip by solving the
expression: =zfd +a, “FPS4Y EHLRERY- Where: 5 a,.Tf Tf - Toma, and a2 the

nodul us the | densi - of f = the .thermal stress effect on density =
are fIovvrrg}cgé'{@‘constansﬁt}s/algrgetrtﬁg‘lEJ rﬁ?%tﬁn?gd%’éﬂ i':tcﬂfreé%'.on'ﬂ?é‘sﬁm@tﬁod of claim 16

further conprising the steps of; configuring said Coriolis flowreter from
information stored in a nenory of said Coriolis floweter to determ ne
configured netgr p X I e said Coriolis flo ter. for density
of sard 1ow g mates %ﬁ@”ﬁs‘?fﬂé&é"gﬁ ?%d"'bedf*‘wts%'? RFIRanS Bl Tine Hhst hod
enpl oyi ngzigwor di gy &516Rk tH@te‘ib%e@s?OnOf different density to derive
calibration pdfareters™for a |1 near density equation; deternm ne a neasured
flow tube vibration period fromsignals received from pick off sensors
coupled to said fleowt T ead Cof4ol 1% 1{owreter; neasuring operational
paranmeters of said @or#gﬁi‘g‘ f foWn‘%‘t e(j;r}o Oiel'ei erm ne a conpensated fl ow tube
vi bration period using said neasured flow tube vibration period and said

oper at i ondhengar aneters and said configured neter parameters; 56 16
Decenber 2003 determ ning a non-linear conponent using said conpensated

flowd g, 7} = the modulus effect on density effect
a, (7, - T, ) =thethermal stress effect on density
a and a, = are flowmeter constants pertaining to density

65.  The apparatus of claim 53 wherein said instructions generate

corrected output cata regarding said density by solving the expression:
P, ={(Density,,. )1+c,(APeriod p)z +c,(APeriod,, )]
Where:

5 Den‘git)jﬁnmr = pm = c] ) T; - C2
The term (APeriod ) is the difference between the compensated tube

- . period T, (for ternperature, stress, and flow) and a tube period constant £,

determined during density calibration.

66.  The apparatus of claim 53 wherein said instructions that obtain
corrected output data regarding density includes instructions for:
determining a compensated tube period:

determining a linear density equation:
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tube vibration period and said configured neter paraneters and said
calibration 15 paraneters; obtaining a non-linear density equation for
said Coriolis flowreter by conbining said [inear density equ é on VYiPth
sai d non-1inear conmponent to yield a single flow tube densi t? b&&“éﬂ 54003
whi ch includes the deviation of said Coriolis flowreter calibration from

lineaf; and 20 det efewmiinbigt8irearsidi ¥ ' LAl gising said single
flow tube density equati or? and sai d C%Brﬁ)%%@% gga%ﬁggetﬁ(ﬁﬁ%rﬁﬂc%g’?gﬁ‘ﬂ%”

met hod ofsaid admpessaikditebe paebd asiti ePfl @l et dHsth Mo, Sa rﬁﬁ@ '

fl owmeter includes the step of determ ning paranet e]rc%a%@r,a dﬁ@%@ and Fd

70. Theigmeitpeditthticn 8k 82i8%0MeLel.n said step of calibrating includes the
step of using two flowing material’s conprising air and water. 71. The

met hod of clai m 68 muitipleing sed thedrefeneity BaaH6H B thASLHIES of
measuring the flow tube vibration peri o%@t he tirﬂrgf'e deluaysag L’Jzﬁg? Bﬁcﬁ%\}v t he

time del & adaneter cpasiant ke tireerptheatquiaee of shidediffb Mol R @thd bengonposi te
tenperature of the flow neter while said Coriolis flowreter contains said

f | owiong kalg of unkno densjty. 72. The nmethod of claim 68 wherein
sai Ostegr‘%ﬁ}cgétgrﬂ%%ﬁ?%ﬁr QO%BHE&E@?@@&M differemtéial vilbe petioth period for nass
flow includes the step of solving the equation T fd _ - n Fd 73. The

met hod of claim 68 wherein said step of determning a conpensated fl ow

t ube vi brati og; peri i ncl udes the s of determning said flow tube
vi bration perlg%d c(m%eé#sbﬁrgg’sfqr‘:'%'%ééeB”r’?ﬁé‘ﬂl‘tﬁ@}d mgﬁ%éetﬁm thee

equat i onyg)hE oF 7' F 4 : ys =_Tam) 57 16 Decenber 2003 5 Were: a, -
TI = the m)dl?l u® e g@{n-g)trqegé*l%ﬁ/O%Z (Tf - Torn) = the thermal stress

effect on density
%o =Ty i+a T, +a, (7, - T,,)

Where:
S a7, = the moduius thermal density effect
7,- 1,  =thethermal stress effect on density
a,and g, = are flowmeter constants pertaining to density

68.  The method of claim 16 further comprising the steps of:;

configuring said Coriolis flowmeter from information stored in a
memory of said Coriolis flowmeter to determine configured meter parameters:

calibrate said Cpriolis flowmeter for density of said flowing material

3 using a two point linear calibration method efnploying two diffe-rer.lt-rnﬁatrelr'ials of

different density to derive calibration parameters for a linear density equation:

determine a measured flow tube vibration period from signals
received from pick off sensors coupled to said flow tube of said Cariolis flowmeter;

measuring operational parameters of said Coriolis flowmeter;

determine a compensated flow tube vibration period using said

measured flow tube vibraticn period and said operational parameters and said

configured meter parameters:
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74. The nmethod of claim68 wherein said step of calibrating includes the

" . i ' ' ' deriving the constants
steps of: neasuring the tube vibration period, and g e e hod

d c2 of the linear density equation p, = (ci - r2P-- CO

81" glnai m 68 wherein said step of deriving corrected output dgggei’f‘é%ap%
density of said material .includes the step of: nodi flyl ng the expression 5
p,,, = (c1' T, -d@Eer}mfﬂlagiammu@eammmnentmfmg stadmnmﬁrfSat%d fow
c.-(r~ - T cp 10 k2 = Raw yeasured f

Vi brat 1 o per o o s oo e S el I 8 SPianus.
streks, paremelessy = determined material density Tube vibration period

tant determned at time of material density calibration. ¢, , cz, c
2"2? Einsi nSI e tubeopr%ﬂ@?g A sliRgandensity egupten brestici Qosiolls flowimeeteebhod of

| ai m 68 ik i [, Nng.cQrr cte out put data regarding
Gensi 1y of oar e sarercal cenap ARG e bondiuto g
cal cul at swgle fiew tdresdensityfeqaitionrvaiien Iirﬂiludé@ﬂﬁb?dﬁrizﬁ?b?{@ﬁs%it?@ dnﬂéi?t (c,
-€2). (1+ﬁ§w&ze?er_63iﬁ 2a%ioﬁcf?0r$1rli¥upea;; aancR) = determned materia © Y

20 - determining the density of said material using said single flow tube

density equation and said compensated tube period.

69. The method of claim 68 wherein said step of configuring said Corialis

flowmeter includes the step of determining parameters a,,a,,¢;,¢,,and F,.

70.  The method of claim 68 wherein said step of calibrating includes the

step of using two flowing materials comprising air and water.

71. The method of claim 68 wherein said step of measuring includes the
step of measuring the flow tube vibration period, the time delay at zero flow, the
time delay with flow, the temperature of the flow tube, and the composite
temperature of the flow meter while said Coriolis flowmeter contains said flowing

5 material of unknown density.

72.  The method of claim 68 wherein said step of determining a

compensated flow tube vibration period for mass flow includes the step of solving

*

the equation 7, =7, —mF,

73.  The method of claim 68 wherein said step of determining a
compensated flow tube vibration period includes the step of determining said flow

tube vibration period compensated for flow, modulus, and stress using the equation

T = rfdJl+a|7} +a, (T, -7, )

o com
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= Tube vibration period constant determined at tinme of material density
calibration. ¢c3 & e, = Single tube material density correction constants *
77. The method of claim68 wherein- said step-of .deriving correggpebemidbbt
data regarding density includes the step of solving the expression; pn-=
(Density,,"e,,r)[1 + c3 (APeriodronp )2 + c4 (dPer-iod,a,,,p )J Were: 5
The ter mWEDE | odtonp) is the difference between the conpensated tube

vi bration pg{éi od TCn. M&;@@g@gg@éy&gﬁgﬁg{ ss, and flow) and a tube
et’érm

vi brati orf* ri od constan ring density calibration of the
flowreter. 59
a,(T, —1,,) = the thermal stress effect on density

74.  The method of claim 68 wherein said step of calibrating includes the
steps of:

measuring the tube vibration period; and deriving the constants ¢,

>

and c, of the linear density equation g, = (¢, 1, - ¢c,) .

75.  The methed of claim 68 wherein said step of deriving corrected
output data regarding density of said material inciudes the step of:

modifying the expression

5 2, =(c,-7l —¢,) toinclude the non-linear components
p p

(I+ ¢, (r,- k) +c,- (7, - k)

Where:

T, = Raw measured flow tube vibration period

T, = Compensated flow tube vibration period for modulus, stress,
10 and flow

fo = determined material density

k2 = Tube vibration period caonstant determined at time of material

density calibration. -
Ci»Cy5Cy,s &c, = Single tube material density correction constants

76.  The method of claim 68 wherein said step of deriving corrected

output data regarding density of said material includes the step of:
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calculating the density of said material from the expression

p. =(c —rfp -¢,) (1+¢, '(‘L'Cp ~1{2)2 +c, '(Tc,; -k, )

Where:

2. = determined material density

k, = Tube vibration period constant determined at time of material
density calibration.

c,&c, = Single tube material density correction constants

77.  The method of claim 68 wherein said step of deriving corrected

output data regarding density includes the step of solving the expression:

P = (Density,,, 1 +c,(APeriod,, ) +c,(APeriod )]

comg

Where;

The term(APeriod,,, ) is the difference between the compensated
tube vibration period 7, (for temperature, stress, and flow) and a tube vibration

period constant /'1:2 determined during density calibration of the flowmeter.
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