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A significant advance in densimeter theoty and operation was provided in
U.S. Patent 5,295,084 to Aranachalam et al. of March 15, 1994 which recognized
that the natural frequency of a vibrating flow tube is affected by more than just the
density of the fluid within the tube. It was noted analytically and experimentally that

20 the natural frequency of a vibrating tube filled with flowing material decreases with

_an increase in the mass flow rate of the material in the vibrating tube. A density

reading of increased-accuracy was provided by measuring the natural frequency

of the vibrating tube and correcting the measured natural frequency to compensate

for the decrease in natural frequency caused by the mass flow rate of the material

25 in the flow tube. The corrected natural frequency was then used in the standard
density computation.

Experimentation and further development of the mathematical model
disclosed in the Aranachalum patent exposed a shortcoming in the devices
described by Aranachalum. The densimeter of Aranachalum is calibrated by

30 developing three calibration constants. The first two calibration constants,
calculated in the same way as was done by Ruesch,'were used in the basic dénsity
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Anot her shortcom ng of exl sting densi ack of conpensation for
was calibrated.

There is a problem, therefore, with densimeters of the type described by
Aranachalum. Although their density measurement is improved by an order of

20 magnitude over earlier densimeters, their performance is degraded if, in operation,
they are used to measure the density of flowing materials other than the material
on which the densimeter was calibrated: There exists a need for a densimeter
having a compensation for the effect of mass flow rate that is independent of the
density of the measured material.

25 Another shortcoming of existing densimeters is the lack of compensation for
the effect on existing density compensation schemes of changes in temperature.
it is well known that the material properties of the vibrating flow tube change with
temperature and this fact has been accounted for in Coriolis mass flowmeters since
their inception as commercial devices. In particular, prior art Coriolis mass

30 flowmeters compensate for changes in the Young’'s Modulus of the flow tube
material due to changes in the temperature of the vibrating flow tube during

operation of the Coriolis flowmeter. However, the Aranuchalum compensation
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STATEMENT 4gF THE SOLUTI ON STATE%EE@EMSQLWIGNB are solved and an
advance in the art is achieve y present 1 nvention which permts

out put data of hi ghhesbovesprpblemsare solved and ah advance in thecartisiashieved bythe
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nmeasur enment which is corrpensat ed for effects of, mass flow rate_ and

tenperature and ipdependent of b teagperatur: of theadbratigrfiovh dihesr idtecBrasgnt
previ ous| Wsunmvbﬁh&?bbl%wdes d Qliﬂ?étﬁ'ng tube densimeter which delivers a density

measurement which is compensated for effects of mass flow rate and temperature
thereby improving density measurement performance to previously unattainable
levels.
The basic theory of operation of vibrating tube densimeters is that the natural
20 frequency of vibration of the vibrating tube or tubes changes with changes in
density of the material being measured within the vibrating tube. The change in the
natural frequency of the vibrating tube is tracked and related to the density of the
measured fluid. It is known by researchers in this field that the natural frequency
of a vibrating tube is effected by other factors in addition to changes in the density
25 of the fluid flowing through the vibrating tube. The natural frequency of the vibrating
tube decreases with increases in the mass flow rate of material through the
vibrating tube. In addition, changes in temperature effect material properties of the
vibrating tube and thus affect the natural frequency and mass flow rate effect or
frequency of the vibrating tube.
30 A theoretical model that does consider the effect of mass flow rate of
material flow through a vibrating tube was first applied to a commercial density
measurement device in the invention of the Aranachalum patent. The model is set
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PCT/ US97/ 10994 dort h iy @?Euat% knéfwn  as Hqu%zlaer s Equation, which
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transvers_eo free vi bratlon of a flow tube containing flowi ng material as

fol | ows: 5 where [err]

E = Young's modulus of elasticity of the flow tube

| = moment of inertia of the flow tube
p ( = density of the material
p . = density of the flow tube

15 A, = cross-sectional area of the flow region
A, = cross-sectional area of the flow tube
v, = flow speed
u(x,t) = transverse displacement of the flow tube

20 The mixed-partial derivative term is known as the Coriolis term of Housner's
Equation. The second-order partial derivative with respect to the spatial variable
(x) term is known as the centrifugal term of Housner's Equation. This model was
used to develop the compensation scheme of the Aranachalum patent and its
implementation in commercial densimeters provided an order of magnitude

25 improvement in density measurement performance over densimeters existing at the
time. However, given the complexity of Housner's Equation, its analytical solutions
were limited to straight-tube densimeter geometries. Those straight-tube results
were then extrapolated to curved-tube densimeter geometries. Although the
resulting improvement in density measurement performance for curved-tube

30 densimeter geometries was significant, the present invention provides further
significant advances in densimeter performance by accounting for characteristics
unigue to curved-tube densimeter geometries.
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PCT/ US97/ 10994 The Corliolis forces also play a role in causing the mass flow effect on natural
frequency but it is the centrifugal forces that are the primary contributor. The type
of these centrifugal forces is different, however, for straight and curved tubes.

Both straight and curved vibrating tubes experience what can be called
15 dynamic centrifugal forces. Dynamic centrifugal forces are the resuilt of the local
 curvature of the vibrating tube caused by the tube’s vibration. A straight tube
densimeter and a curved tube densimeter both operate through the vibration of
their respective tubes and in each case the vibrating tube, whether straight or
curved, is subject to the generated dynamic centrifugal forces. - The effect that the
20 dynamic centrifugal forces have on the natural frequency of vibrating tube is
dependent on both the mass flow rate and the density of the fluid. it is the effect
of the dynamic centrifugal force term of Housner’s Equation that is compensated

for by the density compensation scheme of the Aranachalum patent.
In the case of a densimeter, or Coriolis mass flowmeter, employing a curved
25 tube, the bends in the curved tube introduce another type of centrifugal force, called
a steady-state centrifugal force. Steady-state centrifugal forces are the resuilt of the
flowing material changing direction as it flows around the bends in the flow tube or
tubes. Tensile forces are generated in response to the steady-state centrifugal
forces. When the relevant components of these tensile forces are added to
30 Housner's equation it is seen that the steady-state centrifugal forces, as
represented by the tensile force term, exactly cancel the dynamic centrifugal forces.
The steady-state centrifugal forces are not present in a straight-tube densimeter
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the tube's vibration. A straight tube densi neter and a curved tube
densi neter _both operate through the vibration of their respective
tubes and'®n WRR'R case the vibrating tube, whether straight or

curved, is subject to the generated dynam c centrifugal forces. The
effect that the, 20, yynam c centrifugal forces have on the natural
frequency of vibratim tube is dependent on both the mass flow rate
and the density of the fluid. It is the effect of the dynam c
centrifugal force termof Housner's Equation that is conpensated for

by the density conpensation scheme of the Aranachal um patent.

In the case of a densinpeter, or Coriolis mass flowreter, enploying a curved
25 tube. TBhathseteRsiErfores term (steatysiate enbiugal TSI diancylSciies dynamic
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far less sensitive to the mass flow rate effect than are densimeters employing

straight tubes because only the Coriolis force affects the density measurement.

In the compensation scheme of the Aranachalum patent, it is the effect of the

25 dynamic centrifugal force and Coriolis forces on the vibrating tube that is

compensated where the centrifugal forces are the dominant forces. The

compensation provided by Aranachalum necessarily includes a dependency on

density. This is because the Aranachalum compensation involves measuring the

tube frequency, determining the tube period by calculating the reciprocal of the tube

30 frequency, and multiplying the tube period by a factor which includes the measured

volume flow rate. {n a Coriolis densimeter, volume flow rate is determined, in part,
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represents Hos‘ﬁégdér 3 equation for a curved tube 5 show ng the addition of
the rel evant usingithe measured slensity, therefore|the Argnaghalem density compensation:
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dynam c centri Euga forces and the steady-state“centrifugal forces
cancel one anincluge a densitydermiasiparbofthe edmpensationdactos. AsA resuihdhe density

tubes are far |l ess sensitiye Lo th | aw I r
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affects the dgfngietmafBhiabte Bd'Ridasured. Therefore, aﬁbm ROABEvea tilsydesdigeterof
the Aranachalum patent, it is the effect of the 25 ?_.;/namc centrlfu%.lael

force and Cor thel presentinvention prayidesiafensity preaguremeni which is not affected by
10 mass flow rate of material through the vibrating tube and the compensation itself

is not affected by the density of the material being measured.

The method and apparatus of the present invention first determines the
measured density using the density measurement calculation as described in the
Ruesch patent:

16 5
D,=K,T (1-t _t ) -K,

where
D,, is the measured density of the material (g/cm?®)
20 T, is the measured tube period (s)
K, is equal to K,T,2- D,
K, is equal to d/(T,? - T.2)
D,, is the density of water at the time of calibration (g/cm?)
D, is the density of air at the time of calibration (g/cm?)
25 disD,- D,(g/cm?)
t, is the temperature compensation factor ((% change in T%,/°C)/100 )
T, is the tube period for air with no flow at the time of calibration, corrected to 0°C
(s)
T. is the tube period for water with no flow at the time of calibration, corrected
30 to0°C(s) '
t,, is the measured temperature (°C)
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reci procal WP9ME?2E ube 30 frequency, and multiplying the tYOEY$2P8Y by a
“fact or whi ch i nciwdanebsuredeizmsitye(D,,) is thenl comectddousingacconipensalisi fakdrs
densimeter,klolu flowrate is determned, in part,

6 saRdPlei 2725

PCT/ US97/ 10994 usi ng the neasured density, therefore the Aranachal um
density conpensati on i ncl udes an i nherent dependency on the density of
t he neasured materi al . p_=D_-K[(M h& present invention, it is the
effect of_the Coriolis force on the vibrating tube, since the
centrifudal forces cancel, for which the conpensation is provided. 5 The

conpensation factor provided and utilized by the present invention does not
include a density termas part of the conpensation factor. As a result, the -
density wheffibensat i on provi ded by the present invention is not
dependent on the i rial to be measured. Therefore,
applied to a Curpﬂgﬁfbﬁmggﬁrseid;ﬁ&ngﬁf(ﬁ@hﬂ the present invention provides a
density measur endyis thiei aoimpensated derisitg(@/dmP)y the 10 mass flow rate of

mat eri-al _t hrough .t he vibrating tube_and tge onpensation itself i s not
af f ect ed®y the @it??"lﬂaswé’ masefiou ratg 9’&5 neasur ed. The

met hod and appar ,4s effialitbe present invention first determnes the
nmeasured density using the density neasurenent cal cul ation as described in

t he Ruesch patent: 15 [err]
| D,/ (42)
15 D, (g/cm®) is the error in the measured density during calibration at mass

" flow rate M,; (g/s). Ksis determined during the calibration procedure by measuring
the error in the density reading at a known mass flow rate. A corrected density is
thus derived from the measured density.

A further advantage of the present invention is that the compensation
20 scheme just described can be modified so that the mass flow rate effect
compensation for density is itself compensated for the effect of temperature. It has
been determined experimentally and analytically that the density measurement
error due to the effect of mass flow rate also changes with temperature, The
present invention provides a compensation for this temperature effect.
25 An additional calibration constant, K,, is defined as foliows:

_ 2
K= (Du/ (KaxM]M

) =11/ (t,,t, )
where
30 Dy, is the error in the measured density (D,,,) at temperature t,, and mass

flow rate My,.



wher.e Derr] is the neasured density of the material (g/cnferr]) 20
»T[err] is the nmeasured tube period (S) Klerr] is equal to Klerr]T[err]
= Derr] Klerr] is equal to d/(T[err] - T[err]) Der]r is the

density of wa he tinme of calibration (g/cnferr]) t he
W ast r@[r%[fsﬁ‘]uofﬁ

density of air a e time of calibration (g/cnferr]) 25 dis err| -
Blerr] (g/cnferr]) Kaisthe palibrptior consantqrppusly, defi ensation factor ((%

change in T[err]/[er i e~piod for air with
no flow at the ti neeﬂ(b%(ﬁéé@'g&%rta%rﬁaﬂé@ﬁi@\é%é F%ebﬁg'r%ﬁ(cé ) (s)

Tlerr] is the tube geisithe tdmpenstirerat whidh Kowds deteahined{°C) e of
o (For ebieths TRe miss ot fals aticn K, was dBidrhinéa tgl§) ™" e
WD 98/ 02725

PCT/ US97/ 10994 ~The neasured density (Dferr]) is then corrected
usi ng a conpenKaisiusadtaadjust the valuef K, ferideyigions in operating temperature from the

[err] 5 temm&%ﬁ}e at which K; was determined. After determining K, during the
calibration process, as described above, K, is determined by changing the
temperature of the flowing material and again measuring the density of the flowing

10 material. The change in temperature results in an error in the compensated density
measurement and K, is calculated as just described.
The calibration constant K, is used in operation of the present invention to
adjust the value of K, as follows: |

15
D_=D, K, (1+K (t,~t,)) (M)?

Where:
20 D, is the measured density (g/cc)
D, is the corrected density (g/cc)
M., is the measured mass flow rate (g/s)
t,, is the measured temperature (°C)
ts is the temperature at which K; was catculated (°C)
25 K; and K, as previously defined

K, thus operaties to linearize the effect of temperature on the K; compensation
factor.

In accordance with the present invention, the output of the sensor apparatus

30 connected to or associated with a vibrating flow tube (or tubes) is connected to

signal processing circuitry which generates data indicating the measured density

of the material fiowing through the vibrating tube. The signal processing circuitry



Derr] is the neasured density (g/cnferr]) Derr] is the

- conpensated density (g/cnferr]) 10 Mnis the neasured nmass fl ow
rate (g/s) K3 is equal to
[err] 15 D[err] (g/cnferr]) is the error in the rreasured denS|ty
during cal i B¥@P¥¥2%t nass flowrate Merr] (g/s). K[ &T{U§o¥

dﬁt e(r]I m ned dmnegmtbiaecmNtEmwbatmemred densnyedeesmtgergai(;i canstantwithr i n
t he enS|ty readl at. a kno nmass te. A correcte ensi

t hus derived WPBQ??H% tﬂ%a@ﬁ?%%@tﬁt 9‘9\“’9 material to” ger eagwred aBO‘%’f&B% of
the present idygaiat@R ofSthehAbrating teeepqn%etaang?@ie SIGRABrokesdin %ﬁeu.irged

can be nodified so that the nass flow rate effect conpensati on
density is i coupttsclhepnassured dansﬂv landeprodgcesoan sk repegifiing |a comected

measur oot consisyiigh W dtoshe R orthd s iBlnie Hrthe WiehSiideb densi.

W th tenperaigineasiied. The mase flewt ratmmmpemﬂondactdeis itsetfasumptsatedforor

this t t f 25 I lib tant, K4,
, SI Zef ,eﬁ,“e)ﬁr Zgu;aggee%&g temperature of the vngratlng tubgna o Iet{ig‘ée 8{‘] tcons aef}@

g[ngr :rla . 'S st hwfapg@vi ?igatrgﬂt{\ifally%%ﬁiié&ﬁ AfPsd-fube e@hsimeiars%ht ESTRIRD BeHppiiki e ]
8 to straight-tube densimeters.
10 BRIEF DESCR F THE DRAWING
Figure 1 discloses one possible exemplary embodiment of the invention;
Figure 2 discloses further details of the meter electronics 20 of Figure 1;
Figure 3 is a graph illustrating the measured density error/mass flow rate
relationship of a vibrating tube densimeter;

15 Figure 4 is a flow chart describing the operation of the meter electronics 20
and its processing circuitry 210 as it measures the density and corrects the
measured density for the effect on the density measurement by mass flow rate.

Figure 5 is a graph illustrating the effect of mass flow rate at various
temperatures on the measured density.

20 Figure 6 is a flow chart describing the operation of the meter electronics 20
and its processing circuitry 210 as it measures the density and corrects the
measured density for the effect on the density measurement by mass flow rate
taking into account the temperature dependence of the effect.

Figure 7 is a graph illustrating the improvement in density measurement

25 performance with the present invention.

DETAILED DESCRIPTION
One possible preferred exemplary embodiment is illustrated in Figures 1
through 7. it is to be expressly understood that the present invention is not to be
limited to this exemplary embodiment. Other embodiments and modifications are

30 considered to be within the scope of the claimed inventive concept. The present
invention can be practiced with other types of meters than the described meter.

10
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+ PCT/ US97/ 10994 Klerr] is the-calibration constant previously
def i ned tK3 is the tenperature at which Kl err] was determ ned
([err] O t[err] is the tenperature at which K[ ergdpn@%10994
determ ned ([‘g??%ns Merr] is the mass flow rate at V\:hllch K4

was det er mi neducgéssful implementatjonrof the presentdnvention js.ret dependenton arry Mptar |
for deviations in erati t.e rature. from . .t t . i ch
KCerr] vas dogePmeyathoydtEoPtRBRCrAeenRteR Y phings in shFRR Y cbrifibeld, 0,
process, as described above, [¥d<e¥iptiori 6f CenarahSystemFigctangi ng the

tenperature of the flow ng material and agai n nmeasuring.the %ensity of the

flowing 10 materi &igurght shewiga pﬁfi?'iﬁrﬂéf'ﬂf"&?%' PeSQIMRrsingG, & _%qqﬁﬁrmﬁwrt he
conpensat eds dglgh ik 10 %d;ﬁ%g#ire hicsBg. %tér%s%@hﬁwr?f RApéridsd tohass flow

descri bed. ration constant K| el s used in operation
of the presentraierangdensity bba processiiaterial.t Meter elegtronics RDds egnnectedhio meter

15 ., 20 , is.th d | t

Dferr] i3 the assPPOY b viscRerts J0p g Brvi defsily aZE Rt Bler ST lentorBFeL. .
fllow rate (9/ Saformation over path R8T &d wilF ak dtheFaBHNANbI ROtTElevhAN o the Préddnt
tk3 is the tenperature at which Kl err] was cal cul ated tS.'Eaerrlq 25

Klerr] and K énventias. gk Geriolis figwameter strycture is desqribed)althruah §g8 appatent 4o

e S e HHR R By R 68 e e o oo

appar at us tube densimeter without the additional measurement capability provided by a
Coriolis mass flowmeter.

A Coriolis densimeter is convenient and preferred because it inherently

provides the mass flow rate information necessary, as described below, for

15 .operation of the present invention. If a non-Coriolis, vibrating tube densimeter is
used, the mass flow rate information needs to be input from a separate source of
that information.

Meter assembly 10 includes a pair of manifolds 150 and 150", flanges 103
and 103" having flange necks 110 and 110, a pair of parallel flow tubes 130 and

20 130", drive mechanism 180, temperature sensor 190, and a pair of velocity
sensors 170, and 170z. Flow tubes 130 and 130" have two essentially straight inlet
legs 131 and 131" and outlet legs 134 and 134" which converge towards each other
at flow tube mounting blocks 120 and 120". Flow tubes 130 and 130" bend at two
symmetrical locations along their length and are essentially parallel throughout their

25 length. Brace bars 140 and 140" serve to define the axis W and W' about which
each flow tube oscillates.

The side legs 131, 131' and 134, 134’ of flow tubes 130 and 130’ are fixedly
attached to flow tube mounting blocks 120 and 120’ and these blocks, in turn, are
fixedly attached to manifolds 150 and 150°. This provides a continuous closed

30 material path through Coriolis meter assembly 10.

When flanges 103 and 103", having holes 102 and 102' are connected, via

inlet end 104 and outlet end 104' _into a flow tube system (not shown) which carries

11



30 connected to or associated with a vibrating flow tube (or tubes) is

* connected to signal processing circuitry which generates data
t ndi cating the neasured density of the material flow ng through the
vi brating tube. The signal processing circuitry WD 98/ 02725

PCT/ US97/ 10999 98/02725% gkes into account the fact that the nmedRGWEW /WALty

toes not remhdipRIRBss Aiakerid tHat is bem;j]mg&eunmbtmalraﬁ@ré ESYV1 04 0B tH meh
material to be nmeasured and/or_the {& rature of the vibrating tube.

I'n so doing, tmrnegaagﬁarcq)m@sfmg 193&@9 ed throughraanifold; 170 tediewiiube
density and g@&gﬁ G086k gg@w&. ?ﬁx%egz@ Wﬁﬁ.ﬁ%ﬁ@fouéagggﬁgly.ﬁ&em ilgg I's

I ndependent OW ra mat eri a se
measur ed. Thdmiﬂmjsarid mutechtfmug:hﬂmnhmesdﬁmandt‘tﬁo . Bipoh exitihg flowptabesatiad f or

h i f th .br.at Th t hod f th t
T on Bar @B Bl e proness FiaterialS ebareding Slie Firess Rt manteld 4600 be

appl i ed ' bAd i‘ettﬁér'eﬁﬁér fbutw t6 @Rib eAE 184" TonAétted by flange 103" having bolt Eﬁbg':
DESCRI PTI ON OF THE DRAW Figure 1 di'scl oses one possI
exenpl ary entl8di iethe flow tphesvstemﬂnpbshown Fi gure 2 discl oses

further details o g Fi gure

3is agraph ill ug%ﬁb%ﬁ?ggﬁlggguéﬁgggﬁgég #fd {ﬁpﬂg{rﬁ}é%gloyp%tpét[\%ﬂ

rel ationshi ptglfe mountingtbloukst 120eant:120et &% to HtEve substantidiydHe safne ﬁxa%sf | ow
t he operatlon of the neter electronics 20 and its

chart descr I bi n
processi F%&‘{ tio. moments gfingftia and youpy's eRdviabpubhending Axes W-¥yand
measur ed denw{w f@épé&iﬁ/e@f f'ﬁ‘fése%brﬁﬁ‘q ﬁ BXhHEBﬁﬁ ‘Uré‘é@?érsbﬁd@ﬁé 1lgboW

rate. Figure 571s a ust atln the effect of nmass flow
rate at vari dngsmuch as thepéoungs modulmot the ﬂmawee@hammtp temoerature and

07 5,03 ok o T R St ol ity

corrects the detectorr(R’cIBl)lﬂed (t9pioaliyt a(pliaﬂﬁum IRT®EévIE) i© mouhtedds m&wttube 130'
nmeasur enment mass flow rate i ng into account the tenperature

dependenc® 01‘0 optinuppgly measure the tempe’Pﬁ‘ﬁE ofthe floy 4bg, Ipr tempaeatyreiofithe t he
| nprovenent  ingwd@Bal dnd ABRsE- e Tiage AppBafifg BBMRES the )RYD S #HReRLurrent

' nvention. passing therethrough is governed by the temperature of the material passing
through the flow tube. The temperature dependent voltage appearing across the
RTD is used in a well known method by meter electronics 20 to compensate for the

20 change in elastic modulus of flow tubes 130 and 130" due to any changes in flow
tube temperature. The tube temperature is also used, according to the present
invention, to compensate the mass flow rate density compensation for changes in
the temperature of the vibrating tube. The RTD is connected to meter electronics
20 by lead 195.

25 Both flow tubes 130 and 130" are driven by driver 180 in opposite directions
about their respective bending axes W and W' and at what is termed the first out-
of-phase natural frequency of the flowmeter. Both flow tubes 130 and 130’ vibrate
as the tines of a tuning fork. This drive mechanism 180 may comprise any one of
many well known arrangements, such as a magnet mounted to flow tube 130’ and

30 anopposing coil mounted to flow tube 130 and through which an alternating current
is passed for vibrating both flow tubes. A suitable drive signal is applied by meter
electronics 20, via lead 185, to drive mechanism 180.

12



DETAI LED DESCRI PTI ON One possible preferred exenpl ary
. enbodinment is illustrated in Figures 1 through 7. It is to be
expressly understood that the present invention is not to be limted

to this exenplar odi ment. O her enbodi nents and nodi fi captRiS7AsR4 30
consi dered towggqu’?%i n the scope of the clained inventive conc

ept. The
present i nventMeter elteatrorice 28 receivas the RTDHiemperatyra-sigral W@@ﬁé%r@mﬁ t he
&ESS g} 8332? t “the left and right velocity signals appearing on leads 165_and 165, r&?pectively‘

PCT/ US97/ 10994Meter elSttfdiiss 20| prodidesnhstdriviecsignd! dppearing oaniead M8snto drive S

ot dependent 8 S <t e SSTA I ko Ve B e R SEEILE "
Description go‘;lcc)eﬁ%'ﬂﬁrr@ht voISd; [Qlidgﬁléyandlf}\e RTD signal to coimBifiedhd niae WewdafePand! i S

| i
densi net er nprisrng a I's meter 5 Tassenbly 10 and neter
el ectroni cs 20theManeity aftherhéaterialpassingdhighanetes assenshly 10. Thisiinformation,

Genst LY ot o, PaB 00 bbbl ST i R LA

temperature  utiizalibR midinsoR0 OV dewhhinkl e dembily, Mectionfss 20idanERtd e not
rel evant to the present I nventi on. Coriolis floweter structure is

descri bed al t hmegsured density frthat materiab passing dhrough | tubes 13Prand, 180t imthe he
present inyention coul [ | 2 Vi brating t ube densi neter
W thout th adWP%rntéFangﬁsﬁFﬁé%%ﬁﬁé‘%gﬁ?ﬁ ty proyi depl by a Coriolis

mass fl owreter. A Deggcriptiors ofideter fldatmonics (Eiga2¢ni ent and
preferred because it inherently rqvi des t.he mass L] ow rate -

i nformati on necessaﬁ?!°°§§'ﬁ%§@ﬂfﬂﬁﬁer£?§wmqs§p '53!‘0‘65& '9?‘6‘?155? OPTIFNs ent
Invention. If ﬁaaegnﬂ&ﬁrh@asﬁremérkra}élﬁlg_zbupqnodﬁrtﬁbémamre idfrcuit 20245 @dnsityre
mass flow rate Information needs to be input froma separate source of

t hat i nf or mat i measurement processing sircuitry 19| gnd BTPHppulciseult 208i r of nani f ol ds

150 and 15qI5’ fl angﬁaw]tgge drive circuit 202 provides a repetitive alternating or pulsed drive

signal via lead 185 to drive mechanism 180. Drive circuit 202 synchronizes the

drive signal to the left velocity signal on lead 165, and maintains both flow tubes

130 and 130" in opposing sinusoidal vibratory motion at their fundamental natural

frequency. This frequency is governed by a number of factors, including

20 characteristics of the tubes and the density and mass flow rate of the material

flowing therethrough. Since circuit 202 is known in the art and its specific

implementation does not form any part of the present invention, it is not discussed

herein in further detail. The reader is illustratively referred to United States patents

5,009,109 (issued to P. Kalotay et al. on Aprit 23, 1991); 4,934,196 (issued to P.

25 Romano on June 19, 1990) and 4,876,879 (issued to J. Ruesch on October 31,

1989) for a further description of different embodiments for the flow tube drive
circuit.

The signals generated by sensors 170, and 170, can be processed in meter

electronics 20, and in particular in mass flow measurement circuit 201, by any one

30 of a number of well known methods to compute the mass flow rate of the material

passing through the meter. One method of these approaches is depicted in Figure

2. Mass flow measurement circuit 201 contains two separate input channels: left

13



and 103" having flange necks 110 and 110', a pair of parallel flow tubes
.130 and 20 130", drive nechanism 180, tenperature sensor 190, and a pair

aof velocity sensors 170[err] and 170[err]. Flow tubes 130 and 130
have two essentially straight inlet | egs 131 .and 131' and outlet |egs
134 and 134" weéndasla72sonver ge t owards each ot her at fl owRCTRBITANNM | ng

b ocks 120 andhariel 220!4M righbERarneP290.0 EbeR chafrie céﬁta?r\&oan integrﬁmbrﬂvﬁal

| ocations along their | engtth and are essentially parallel throughout their

25 | engt h. Br dexel beossing/detactors, 4Withincbath chanpris, the left and xiobt velasity signalsout

and 134, 134 Tm eRaneHORe@SE ot 1160 oo 170R are quplip sbEctEiRediblos 220,

tube mounti ng FadogX s, dach dRAvHIER' effedtivély 96N LORMS pakd filter.n, Tie @utputs of
fixedly attached to manifolds 150 and 150'. This provi des a continuous

closed 30 Smtnipgrtorsa2d! tanch@dh @ applied fadevel Lrossing defectors (effectively
When fl - : . _ o
en flanges 18, Outofsgitzz ﬁggﬁ, nﬂicﬁsga { ta'lév Q:%ang% gm@hﬁ%ﬁh@

inlet end 104 an t en I nto ow t ube sy shown) whi ch
carries corresponding integrated velocity signal exceeds a voltage window defined b\Oa

98/ 02725 . . CT/ US97/ 10994
the process miMalripdefingd pesitive and pegtyevpitage jevel. §-9.44-8Ys 15}?00"?9‘43(9 t he

met er t hr e\ crssitg detEstord222 And D32 afe fldad SorftfiN dighaRtoldoUAEH 204 to
mani fold 150 to fl ow tube mounting bl ock 120 having a surface 121.

W thin marl@ oireeassos endming: istaryal, nsterms afidackcrulsm gouria: that osedsghetiveeny
o ori a1 1 " chSaporkifg cRabed ) el i, R ferdBs it 13

material is reco Wi thin mani and is
t her eaf t er r ophase diffesence betsiediithe signah generdteld\byfleth pipl-ofiE70Lhand the dighd!

hol es 102' to,t f.low.t.ub tem (,not own) . Fl.ow t ubes
130 and 130' zQPEe'?é?‘ng Eﬁ“‘ﬁﬂ‘ﬁ%ﬂ?%&ﬁ?ﬁ é’?%?er@%ﬁ?%%f betwegn thesg,fwo signai§, e
mount i ng bl ocksprbpBrtdhsl td 2Rk riags Adw rate DR HRILSHAPAIVARS titblgh fubes 180RINGRSY'. 10
di stribution, nonents of inertia and Young's nodul i about bending axes WW

and WS WThis valye cepresentative, eEehaserdiffergnes.ds cgunishisoipplied asdepwi-data 140
and 140" . " oyer path 205 to processing circuitry 210.

- The computation of the mass flow rate and volume flow rate of the material
passing through the tubes 130 and 130 ' can be accomplished by any of several
known methods. These additional approaches to the calculation of mass flow rate

20 are known by those skilled in the art and the reader is therefore illustratively
referred to the following patents for a further description of the mass flow
computation: U.S. Patent Re 31,450 issued to Smith on February 11, 1982; U.S.
Patent 5,231,884 issued to Zolock on August 3, 1993 and U.S. Patent 4,914,956
issued to Young, et al., on April 10, 1990.

25 The natural frequency of vibration of flow tubes 130 and 130’ is measured
by monitoring the signat from one of the pick-offs. The signal from right pick-off
170R is fed over path 206 to processing circuitry 210. Processing circuitry 210 is
operable to count the frequency output from right pick-off 170R to determine the
frequency of vibration of vibrating tubes 130 and 130 '.

30 Temperature element RTD 190 is connected by path 195 to RTD input circuit
203 which supplies a constant current to the RTD element 190, linearizes the
voltage that appears écross the RTD element and converis this voltage using a

14



| nasnuch as the Young's noduli of the flow tubes change with tenperature,
-and this change affects the cal culation of flow and density, resistive
tenper at ure detector (RTD) 190 (typically a platinum RTD device) is
nounted to flow tube 130", 15 to continuously neasure the t e of
FEREREh

the flow tube WO &perature of the flow tube and hen o't age

appeari ng acr ositatyédo REQuency zogvertar (oat slsown) into astresim of phisestthatokagh ai s
overned by the erature, of the material, passin 1 t he_f| ow

Sobe "The 1 empepbt SRaUBRSLRHEN¥E0% MRS afa AR Sornges hEDD WidsdT ghel

used in a wel lyekieNgpifsé BRSarbromiced by cretit 203 RSapplied BvarpEIe RO LS ahApithe

20 change in elastic nodulus of flow tubes 130 and 130' due to any changes
in flow ttopeocessipgraicyitei0The t ube tenperature is al so used, according

to the presgnt i nLi.Qn., I A ensi
corrpensgt I oh for cIPaer{%ég %ﬁggureh%nﬁﬁgﬁ%?étcma@trgﬁfme&aF-g@.gr?i %g”\%h'@é.s The
FlTD i's gonniggﬁﬁr%mcig?ser 2¢1 :ndrmahos/ ﬂemenm?ggdingwmméiﬁ%ry 212 ambhh
ow -t ubes an ar rjven river in poiite I rections
about their r MCW‘PV@%%&‘ ngq‘j& W"Bﬂ‘&?"ﬁt'"&]‘i’%? oy that, isused, by
first out- ; - e : t f
nrg%{pn\?/l rSr 23y Liﬁadezli‘lfgﬁtﬁﬁig if?ﬁm%or?é‘ﬁlhﬁé AW rﬁémoﬁDE‘iB étﬂ’f!lsve

tubes 130 and ate tines of a tuning tork.” This
mechani sm 180 temporapnipformatian ysed by oficroprocesson 2 1te [Thenictapregessaptogetites,

Co T ow b it EROMEAd BaM Mrionas ad Bus Alterp 14 BrERRRE VeraidnerBRe '
for vibrating Jp@hé pfdcedsingsifcuitdy 210 $aH=R itdddnviceive IRputi sigritig) | dscdledyibeBt er

el ectronics 20, via lead 185, to drive mechani sm 180.
12 hgreing and process them in the manner required to apply, over path 26 to

PCT/ US97/ 1099§1ﬁl1@t)ion means %Eﬁvﬂoﬁ%'ﬁt&ﬁ@hﬁﬁa@hé bw&«a&m%&ﬁ&m&et ure
signal on |lea ., an the I'eft and right velocity signals appearing
on | eads 165[ @regendinventibhcgerieratessPranessiop \circuitry 2Nk perioditally: upddates the

oraduces 0. ShbvaSy S neIG5E DBt Mo e o4yt anpted ¥ o
means 29 over path 26 includes mass flow rate, volume flow rate and density
information. Utilization means 29 may either comprise a meter for a visual display
of the generated density information or, alternatively, may comprise a process
-control system that is controlled by the density signal on path 26.

20 Processing circuitry 210, including microprocessor 211 together with memory
elements 212 and 213, operate in accordance with the present invention to provide
highly accurate density information. As subsequently described in detail in
connection with the flow charts of Figures 4 and 5, this highly accurate density
information is derived by the steps of measuring the natural frequency of the

25 vibrating tubes from the signals provided by the velocity sensors 170L and 170R,
calculating the measured density according to a known formulation and correcting
this measured density to compensate for the fact that the measured density
changes with changes in the mass flow rate of material flowing through tubes 130
and 130’ and with changes in the temperature of tubes 130 and 130 ’. This density

30 output data is of far greater accuracy than would be the case if the measured
density was not corrected or if the natural frequency was corrected rather than the
density.
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5 left and right velocity signals and the RTD signal to conpute the nmass

. flowrate and the density of the material passing through neter
assenbly 10. This information, along with other information, is
applied by neter electronics 20 over path 26 to utilization neans 29.

I n det erm niwgo®MI2%ensity, electronics 20 corrects the PCTAESIZE0984
density of the material passing tiaes#iow RAESE and 130" in the 10

manner taught by the present invention.

Description of Meter El ectronionDemsity Megsurement (Fig. 3)A bl ock di agr am of
| 20
Teasur ement  of r cufie ned 3AYE b patft fhgoeipy 6P R boGhathg, tupe EBREsEs 3

”Fas ur egema e eRAsiflow rite ofither ma%hﬁl flawirg Wl‘augllillﬂtﬁ tlublerlncrehsé’é)a' hlﬂETfemd
Fl ow tube drive circuit 202 ovi are titive alternating or pul se
"1%‘#“{?5"?9'1

drive 5 sidyrelly ippacisthg 2B ey MegSLRMENt d4RaNdso;
synchroni zes dhfie relattoﬂ\ubot Eeﬁé@ﬁ%b%ﬁ‘ehﬁ@n&ﬁﬁd déistgi Ly signal on |ead

165[err] and naintains ow tu 130 and” 130" in opposing
si nusoi dal vi br at FigureStdemmonstratesdhe irmpact afeassiflowarate an the accuraegofkthey .

This frequency i overned y nunber, of factors, includi 2 .
characteristi @Y %f -ﬂlf S Pf/lﬁ'gHEe MQEGFP%QG‘%&'S‘ egfensity

mat eri al erifdromp?asémed &t NOCIgAdm®. STRE ehdtizbAtal taxidlig |a5e|56qwrpduad§ hserar t
and its specific npl enment ati on does not formany part of the tpr esent

i nventi on10 i Wlnyt%%SIW'@&fﬁﬁﬁ flow ratpe Lings 347 and 802 Areieapsesentative ofdhder i s
|IIustrat|veI r [ 1 dto
P. Kal ot ay etrM%.JrseffIS\?]v % '?feggf&egQ E é@stg Jf&\%ﬁz?’tgg eg % P.@BQ(B zlrjgno on
June 19, 1990¢prasentatid6r tBa ror msdeadrty measurﬁnmtmem r@:gmbfemasiﬂow rates 1989)
for afurther de Cr.i differe tsfor t t.ub rive
circuit. flowin H@%’f‘ghﬁ\"gg é’%ﬂﬁfya?ﬁgpsg‘gs%eg §8F§V't¥¥6?§‘$éf8gnld"§$8?er r
can be pr Oce$§9ébré§lerif8ﬁ\i§ of the erﬂir%aéﬁéltycmeaﬂnemadt bver fdn f&haéssf‘ﬂmss

fl ow nmeasurenment circuit 201, by any one a _nunber of well known

net hods t0 cdaiestler aﬁbmma*ereﬂbhaam %\deﬂﬁy ﬁfa@ 8P4 3GU. In %ﬁﬁ% tthﬁough
the neter. Eﬁhmﬁraﬁ&agcu égTsOfHéaé‘é}ﬁé It & PS5 AGwing ra@RAEwithin t

Mass flow medsorenen contalns two Separate’input c anne ;
| ef t vubratmg tubes that is different. Figure 3 demoristrates that the denslty
measurement is dependant on the mass flow rate of the material flowing through
the tube. Lines 301 and 302 demonstrate that, for a straight-tube densimeter, the
20 dependance on mass flow rate is different for materials of different densities. Lines
303 and 304 are representative of the mass flow rate effect on density for a curved-
tube densimeter having a similar flow capacity to the straight-tube densimeter used
to generate the data of lines 301 and 302. As noted above, the resonant frequency
of a curved-tube densimeter is less sensitive to the mass flow rate effect than is a
25 straight-tube densimeter and this is illustrated in FIG. 3. Line 303 represents data
for the same fluid as line 301 (1.194SGU) and line 304 represents data for the
same fluid as line 302 (0.994SGU). As is evident in FIG. 3, the data of line 303 is
indistinguishable from the data of line 304 illustrating the fact that, in a curved-tube
densimeter, the error in density reading due to mass flow rate does not change for

30 fluids of different densities.
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. PCT/ US97/ 10994 channel 220 and right channel 230. Each channel
contains an int egrator and two | evel crossing detectors. Wthin both
channel s, the I %d right velocity signals fromleftp o698
pi ck- offs 170V OR are applied to respective mtegrators and

231, each of whi chTheefectianthe dleomsmasmnm by the temperatyee Bﬁihﬁl}t'%fa&ﬂg 5
[ d |
Integrators 2gl a FEC 8@3%@?@92@%9@'% Fg@{ﬁ %Fs%ﬁ%é?ﬂ bIBICE r?iﬁﬁ?tratﬁs the

(effectively generate level change
si gnal s wheneembind effects ohhassﬂmndategandrtemeeaxm. vel ocity signal exceeds

a vol tage wi ndow defi ned by . ... S I {e efined PI_D.OS' tive and negative
voltage level, e.g. [err]2. liiﬁﬁlQEQQ}ggé%5‘—§-¥(£—meﬂ—ﬂ-lf-e!9$crossing detectors
222 and 23% ar e T efighpe 4QBS¢rbesH @igbﬁarifbrrﬁWrﬁibmﬁa%efsﬁor]ﬂ1 dRARLRids

timng interval, ul se counts at occurs between
cor r espondi ng 202&:1@@13 operatesip compuiing .a dernsity mmﬁmmwnsaﬁsﬂe‘gémffm of

" 1701 ana [ of ise R veta g S FlabiSa HeRRR A RATGF sFibrilined dr g Bfestt

di fference bejywemiioh Mafien taaauti&hamb@mpensate§ fwmpoeﬁeoo mltempetdmenaﬁ thé | ow
rate of material flow ng through tubes 130 and 130 Thi s val ue

representati vd%ﬂ%%@ertﬁalﬂp@ r'%ﬂ'éﬁ“ssleﬁ kel with r ?%Pe&bfﬂ EP’SH"*&S'S anghBi dat a
th 5t - | O0wof
over pa 0 pbgiﬁﬁa %ﬁ%ﬁ\b% 401 ensjty measurem%‘h%r&éﬁ&atﬁeg?dnééﬂnﬁ’

the mass flowrate rate o e materi
through the t mempiﬂiBsaodzrstﬂecemnm inpeit and metup ipforohation angr system\viausa214

‘ate 20 are. KRB 2 thcRRUE 217 dhe e Riule ' AReSEEs TbUEY 710 AlRPey oro

i ITustrativel Yescribed! Thé sighls r@célbéd by Inluew;m:eaedremsmfrmg thisfperiobiedre the
description of the nmass flow onput at | on; Patent Re 31,450 jssued

to Snith on Felgnghrepresentingsthe freguency of pioration %f the, flaw Aupes (EREQ). 208 ock
on August t t .
on ApriT i 1BgeRle idhel TRIET, afd ¥ mbdurcd mabS BEGLAS sipia . A%
tubes 130 and apphed fosmicrapsocessor 211 dumgrmod:essin'grsgen #ie1 araythel constants nee‘cmf
the pick-offs. The signal f mrl 0 e e

206 to pr oceséﬁyrﬁ'@c@PF‘%ﬁF??ryi@l'ﬂde E@E%*ﬁﬁéjreEFWc hte%é c%%fgf'% R‘% gf)éﬁé\bl e
to count the §rHAYRIEYinRONM21Z SRTRAMIMS &tithe timbimassiiow serder ¢0 andanétee
frequency of vibration of vibrating tubes 130 and 130 '. 30

Tenper at ure elelgatienicRPO arg@ajibratasthnect ed by path 195 to RTD i nput circuit

o I APEEL . CAIBRIGH P By G ol o BHReR iy el

vol t age usi ng vibration of the vibrating tube or tubes for two different materials havmg known
densities. The calibration constant K, is determined by calculating the error in the
measured density at a known mass flow rate. This can be done using one of the
materials used to determine calibration constants K; and K, or a different material

25 canbe used. As noted above, K, K,, and K, are calculated and stored in memory

elements 212 and 213 at the time the densimeter is calibrated.

Calibration constant t.is related to the Young’s modulus of the material of
construction of the vibrating tubes. It is known that Young's modulus, which is
representative of the stiffness of the tube, changes with temperature. A change in

30 the stiffness of the vibrating tube results in a change in the natural frequency of the
vibrating tube. Calibration constant t_is used, as described below, to compensate

for the change in stiffness of the vibrating tube.
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. PCT/'US97/ 10994 vol tage to frequency converter (not shown) into a stream
of pulses that has a scal ed frequency which varies proportionally with
any changes in RTD vol tage. The resulting pul se stream produced by
circuit 203 WQBPAIS ed over path 209 as an i nput to pr o‘pc"ég'é‘i’ﬁ’é“’a‘?rcuit

210. 5 Denplitig SRpI02eHiBiiprdte8sarSBl 1Nisesithe FREQYsighd) to defehineahe
i ncl udes m croprocessor 211 and nenory el enents including a ROM nenory

212 and a frequengyrafwhration of theaiprating Yihe: Micrpracesset 21 heisordatewminesat i s
el . g FES _ : ;
mnory” 213 5 HlEHRUREEBR bl (1o BY caRLIBAG the Feqiital fhelidentiY

The m croprogibsation.t ogether 10 with its ROM and RAM nmenori es and bus
system 214 control the overall. functions of . t processi Gjreuitry
310 S0 thi 11 caRuig sepaoR misroersPt 41, calgletes Befheseiiey Badly By
process the”‘ah@arﬁff?tﬁﬁﬁé‘ﬁffﬂfﬂm red to apply, over path 26 to

utilization means 29, the various itens of data the Coriolis effect

densi neter of the present invention generates. Processing circuitry
210 periodically updates the 15 j4nformation available at utilization neans
29. The information applied 8,6Ryri {1zgt) 0K, means 29 over path 26
includes mass flow rate, volunme ffow rate and density i nformation.
Utilizatigon nmeans 29 may either conprise a nmeter for a visual display

of the ge‘r?erated density information or, alternatively, may conprise a
process wherd rol systemthat is controlled by the density signal on
path 26. 20 Processing circuitry 210, including mcroprocessor 211
t oget her wi t h Dygisthe/measured density of theomatetiab f@emdper at e i n accor dance with

t he present ;an\zg ti@?f-%@rggirtﬁﬁ%ﬁ?rgqq (sl)nhi ghly accurate density information.

As subsequen connection with the flow charts

of Figures 4igigle§ualtdKsTRL-@)I y accurate density information is
derived by the steps of measuping the natural frequency of the 25 vibrating

tubes frdt t e iseqyRltadfffevitidd by the velocity sensors 170L and 170R,
Cor et pg? b PP ot e eann g ol T 4 on B0
measur ed dend,tisthe density of air at the time of calibration (gfcm?®)

dis D, - D, (g/cm?®)

t, is the temperature compensation factor (% change in T2,/°C)/100)

20 T, s the tube period for air with no flow at the time of calibration, corrected to 0°C

(s)

T, is the tube period for water with no flow at the time of calibration, corrected

to 0°C (s)

t,, is the measured temperature (°C)

25
This calculation of measured density, as well as constants K,, K,, and t,, is
the same as that practiced in prior art densimeters such as described by Ruesch.
During step 404 the measured density {D,,) is compensated for the effect of
mass flow rate to determine a compensated density (D.). The compensated density
30 (D.)is calculated as follows:

=N - 2
D =D -K,(M,)

18



changes with changes in the mass flow rate of material flow ng through

-t ubes 130 and 130 'and with changes in the tenperature of tubes 130
and 130 '. This density 30 output data is of far greater accuracy than
woul d be the Lf..the neasured density was not corre hdy t he
nat ur al frequgﬁfzﬁm\%\ézg corrected rather than the densityﬁﬁspﬁmw“

15 whae98/ 02725

PCT/ US97/ 10994 . . 3 Mass Fl ow Rate Effect

on Density Measur e%ﬂ?“ﬁ;ﬁ"&_&lsgfd density (g/cm’) As noted above, the natural
frequency of an os@,_lid theicompensatedaionsity (cm?) the mass flow rate of
the material flow ng through the tube incregses. This effect 5 directly

i npacts the masur@&'ammsﬁ@dtm@%@tﬁ ity measurement depends

on the rel aionshi RSQE%WESR tube frequency and density. Fi gur.e
3 denonstrates the 1 npact o? mass flow rate on the accuracy of the
density neasurenent. The vertical axis of Figure 3 corresponds to the

densi-ty - error, represen':{;d/&n .011g/cnferr]. The horizontal axis is

| abel ed i n pounds per 10 m nuPe Xk¥bs/mn) of nass flow rate. Lines 301 and
302 are representative of the mass flow rate effect for a

strai ght-tube densineter geonetry. Line 301 .is representative of the

error in density mPaddtheiERr inthermeasuggdydensity duarg calibfationat @ mass fiqwrate

f1owi ng myeripgl Qg@mi)ng density of 1.194 specific-gravity units (SQJ). Line
302 i s rept&sent’ative of the error in density measurenment over a range
of mass flow 15 r Busirgfsiep 406! thei compemsatedaderisity i infprmatiem ¢Df)\is cipplied 34

S 1 oL CailonthSans 20 AR b, RGPS bt R o

different. FipgodedsZofigosystémt es that the density nmeasurenment is
dependant on the mass flow. rate of the material flow ng through t he
tube. Lines 301 and 302 dew@MNCHiNASSYT ke aRdharpeaiue ybe densi neter,

the 20 depgndance on mass fl A é . ifégg Pi. erials of different

densities. 'Lines
in a further embodiment of the present invention, the compensation factor
K, is itself compensated for the effect of the temperature of the tube on the mass
flow rate induced density error. Due to the change in Young’s Modulus, the mass
flow rate will have a slightly different effect on the density measurement at different
20 temperatures of the vibrating tube. This effect is depicted in Figure 5 where line
501 represents the mass flow rate induced density error in a given densimeter at
30°C and line 502 represents the mass flow rate induced error in the same
densimeter at 100°C. A calibration constant, K,, is developed to compensate for
this effect.
25 K, is calculated as follows:

2
K,=[D,/(KxM, ) =11/ (t, -t ;)

where
D,, is the error in the density reading at temperature t,, and mass flow rate
30 My.. (g/cc)

K, is the calibration constant previously defined
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303 :and 304 are representative of the mass flow rate effect on density for

*a curved- tube densineter having a simlar flow capacity to the
strai ght-tube densineter used to generate the data of |lines 301 and
302. As noted above, the resonant frequency of a curved-tube

densi met er (WOPHEI2%ensitive to the mass flow rate effect tRERUSIEIPS

straight-tube den%memertempéréthmmmﬂ kyﬁ;béafe%}mmibﬂl { 3. Line 303
represents data same fluid as |ine 301 ( 94S@J) and |ine 304

represents data f&m‘%W@tempe@ﬁ'i?eatf"f’l!?"d'(ayaﬁﬁﬁéewd(@@MSGJ) As is
evi dent | n Fl G 3 tgethgqﬁgssoﬁovhmgggﬁﬁ{chq% W?snd%tg%ﬁéégg)&shabl e fromthe

data of |line 304 ustratlngt
densineter, the error in density reading due to nass flow rate does not

h f
(i 6ange o, 30 V\l#g% ggiﬂ'&ﬁne b5y #R" St stion process in the following manner.
PCT/ US97/ 109dter K, is calculateér hﬂat@ﬁélﬁ@h% A phbgbdim&ﬁjgmhg%ﬁgrn?éfspét ané»@?
e i gur e

tenperature of the vi ratlng i's not deplcted in Flgure
6 di scussed BEs§HoveFrMRAYtihisding at a differgphiamparature foms thef tempesafureat r at e

and t enper at Li nsjty Correction
(Fig. 4y 5 4hichK,was calculated, The densily oo o i et %W[.ﬁmeﬂpefaf."'e

mi croprocesstsruseﬂasmlidwsmmrdetemme K,. Célibrativh éb‘t&tam%@é @séd) deQi8dehbew 2
density ichd ensat he effect ss flowrate on the
reasur od e n oy ERERAPBALAe SARATOR Honsii adop hESRITART of tampagare b herh ch
addi ti onal | ynpeemensateeffédticoripnsaticect of tenperature on the density
conpensation is di scuslsjed bel ow W|th rgspect to F| gures 5 and 6. 10

ption of £ ‘ : Ratdbegins with
m croprocessor 211 recei Vi,Ag,Ai ' . L. over system bus
214 from ROM 212, A e TS 1 ytessrng circuitry 210
al r eady The present lnventlon operates to correct the measured density for the

15 temperature effect on the mass flow rate induced density error in much the same
way as was described with respect to Figure 4. Therefore, the description of Figure
6 is simplified by describing in detail only those steps that differ from the process
described with respect to Figure 4.

In processing step 601 microprocessor 211 receives all the signals and
20 information described with respect to step 401 of Figure 4 and in addition receives
calibration constant K, and t,,.
in step 602 microprocessor 211 determines the frequency and period of
vibration of the vibrating tube as in step 402 of Figure 4.
In step 603 microprocessor 211 calculates the measured density (D,,) as in
25 step 403 of Figure 4.
In step 604 microprocessor 211 calculates the compensated density (D.)
according to the following:

30 D =D, =Ky (L+K, (t,~t, )) (M,) 2

20



descri bed. The signals received by m croprocessor 211 during this period

, are the signal representing the frequency of vibration of the flow
1 ubes (FREQ) the 15 tenperature signal (RTD), and the nmeasured nmass flow
rate signal e Al so applied to mcroprocessor 211l~gdutd-Neoss
processing st éw%.)zgre t he constants used by m croprocessor gggf I n

det er m ni ng thnheckensﬂy These constants, Klerr], K err], Klerr] and

t[err] are st i n_ROM 2 213 at the tinme mss flow sensor 10
and neter B H},‘e{?‘ﬁ?‘é@aﬂ?@&é@%)l brated. 20 Calibration

constants K[eU}sm@cbdﬁ[eefgq]dafsaymIbcpl ated by determ ning the period of
vibration of the vi brating tube or tubes for two different materials having

known deM‘ni'§|ﬂé%meﬁﬁér9@em?ﬁ?ﬁ‘?‘ﬁ’meégﬁ%tant K3 is determ ned by
calculating t dd e red density at a known nass fl ow
rate. Thi sgcair‘]i" %gﬁ%%eg'sggl ng ™ e’at“?fvéz materials used to determ ne
calibration ctmlsttheltemﬁélatur]aa!m\chlct[lé{wiisoalcalatﬂdf(fsl)ent material 25 can be

used. As note and K[err] are calculated and stored
in menory F( 8:@&555;'?‘1‘91’%{“(?@'1%& at the tine the densineter is

cal i brat ed. Calibration constant t[err] is related to the

Young's nodul us of the material of construction of the vibrating
tubes. It is knownDuria@ steprfffS the sempensajed density informatigncisecsurpliegetanf

the stiffnass Q}g{}g LI f r&ﬂ? e
stlffnessmI Pﬂ%ablgrgp{aet%ﬁggtu e res%éh?n aﬁ(rt: a%ggrge Q%g?%dr?glég witf
frequency of téupectto Figuteréati ng tube. Calibration constant t[err] is used,

\6,‘ ,S b(rjgf ,C Lébte S bte)el OWThe ?empgr%?unrg%ompensahon of l& hpemx%ggé] B$ }{, nisﬁitn'e}:\;. 1 Ses agtfua} he

WO 98/ 02725 gependence of the density error due to mass flow rate on temperature is not simply
PCT/ US97/ 1099 During step 402 m croprocessor 211 uses the

FREQ si gnal te knaasriglationship. It is @metweﬁlﬁm i theart; that \ﬂ‘fﬁ?@f‘t ng

tube. M crpr 1 h Rt
(T[ err]) lﬁp §§§'§§R%alt% t éé'%eg%?%égé r@quencgﬁﬂép CBH%& rat | on.
Dur i rglatidrshipd bétweenr therdensitys measmﬂementcaauaedzsbyt inmassefio raid atehsity
( Derr]) temperature.
Density Measurement | vement of the Present Invention (Fig.

Figure 7 is representative of the improvement in density measurement

20 performance attained with the present invention. The data which make up curves
701-704 are generated from the analytical models discussed above. Curve 701 is
representative of the uncorrected error in density measurement. Curve 702 is
representative of the error in density measurement utilizing the present invention
when the density measurement is made at the same temperature at which the

25 density calibration was performed. Curve 703 is representative of the error in
density measurement utilizing only the mass flow rate compensation without the
compensation on the mass flow rate compensation for the effect of temperature.

The temperature difference, represented by curve 703, between the calibration
temperature and the measurement temperature, is 50 °C. Curve 704 is

30 representative of the error in density measurement utilizing both the mass flow rate
and the temperature compensation portions of the present invention when the

measurement temperature is different than that at which the calibration was
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according to the forml a: [err] 10

. Where Dierr] is the neasured density of the material (g/cnB)

Jlerr] is the measured tube period (s) Klerr] is equal to Klerr]
Tl[err] Dierr] 15 Klerr] is equal to d/(T[err] - Tlerr]) Dé?err is the
density of vamﬁhetlrre of calibration (g/cnferr]) PCTH #s the
density of érf&Fnédh erde temﬁéfat@fa diftente Ferirasented by the data meking ua[arrvé
Dlerr] (g/cnferr] t[err] is the tenperature conpensation factor (%
change in T[ é04 Is/the same tempgyature difference r¢qe§ep[geq QMér%QﬁadHa'ﬁ'Bg UBIGUY® t h no
flow at the tj of calibration, corrected to O[err]C (s) Tlerr]
I's the tube Zerlod for water vmth no flow at the tinme of calibration,
corrected t oTﬁé?a(i\aantages ofttiieepresentinvemiontesthe! rﬁetﬂ mfdepantsamaeuremm 10

25 f
(err]. Kper Ao clgAts 1iole e SxirdBsy undBRAdat fe daiied iudfion g hoh B0 o °
art densi met finfted 46 thé de8@itioh T dhe Préfa RS @mbodiments but enc&lnbbﬁﬁbéibmér 404

the measured density (Dferr]) is conpensated for the effect of mass
flow rate tombdificationsand aieistianswithinthe scepe amy spifl of theipventve caBerntd

density 30 (Dlerrp) s GAL GHaBHE whAdsE YehSiff is determined by the method and

[err]
apparatus of the present invention may include a liquid, a gas, a mixture thereof,

10 as well as any substance that flows such as slurries of different types. The mass
flow rate of the flowing material may be generated by the apparatus comprising the
densimeter or, aiternatively, can be generated by separate apparatus and applied
to the densimeter of the present invention. Likewise, the temperature information
utilized by the methods of the present invention can be obtained from a

15 temperature sensor that is part of the densimeter, as described herein, or
alternatively can be supplied from some other temperature sensing device.
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WD 98/ 02725
- PCT/ US97/ 10994 wher e: /,//’Ijéﬁ’]/i s the neasured density

¢g/cnjerr]) Derr] is ' “ated density (g/cnferr])
Merr] is th d nmass “‘ - K3 i
[err] ewggwe”] |s\m\mm\§lmm He measured dlaﬁs%ﬁ?%’é‘

calibrati on aWBCK#MM:f| ow rat’e f0 Merr] (g/cnferr]). Duri ng

step 405 the conpepsate Lty | ' I ' ' :
utilization means 39 Wrgr'ﬂgﬁ%hio}sfohgifghg%i’h,g%}'ge%bﬁé@a%ﬁgﬁaot eirh\;s\n%séen%t'ﬂ'f)ri zed
In a Pr ogfRiSridt A6WINg! thiwgh e fiowmeter (10) having vibrating tub€ankansee(d 30431 ow
Rate and Tenperature 15 . . . Ef fect on Den%it Measur enment
(Fig. 5)  wherein aimeasured dersity of seidifiwing 'B?feﬂﬁ'ecﬁ]éﬂeg%ﬁf a Rvéﬁ!q 8id he
conpensati on r . I Skl I Rl h

t enperature of‘aﬁ'{@ Wgﬁ%nacl)ﬁﬁ'fdﬁghrr%ﬁ o §I ow &%?ggﬁﬁgl'cg%i?ggﬁg'? f/g'egrér?%r.
Due to the5chaiedfeod conprising shevsteéps of, t he nass flowrate will have a

slightly different effect aon the density. iLff.erent.
tenperatures of th@EFSHIR] ﬁ??gp?' ‘.’P‘f'h\'%'ogﬁ? ng{@%é@ 8?5%'5:?\{’1&%?'56?@%
where line  meapdhs'sdid Afkérid loWS thetethrough)y rat e i nduced density error in
a given densineter at 30[err]C and line 502 represents the nmass fl ow

rate induced errorgeneratieg a measuyre siepsifeyalie Droof srif fiewing eatenal i i on
Cn o chlporkf B ARl o SEORARF b fabAiperion T, 1 = €ffect. 25 ks
10 receiving (401) a mass flow rate value M,, representative of said mass flow
rate of said flowing material through said vibrating tube (131, 131%),
characterized by:
generating (401) a flow rate effect factor k, defining the sensitivity of said
measured density to changes in said mass flow rate of said flowing material;
15 multiplying (404) said flow rate effect factor k, by said measured mass flow
rate M_, to determine a mass flow rate induced density error value k, (M,,)% and
reducing (404) said measured density value by an amount substantialty
equal to said mass flow rate induced density error value k; (M,,,)? to determine said
corrected density value D,; and
20 transmitting (405) said corrected density value to an output device (29).

2. The method of claim 1 wherein said step of generating (401) said fiow
rate effect factor (k,) comprises the steps of:

measuring a difference between a first calibration density of said flowing
material measured at a first calibration mass flow rate and a second calibration

5 density of said flowing material measured at a second calibration mass flow rate,

determining, responsive to said measured density difference, said mass flow
rate effect factor; and

storing said mass flow rate effect factor in a memory.
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wher e Derr] is tﬁxs/eq“ ensity reading at tenperature

.t[err] and nass flow rate 30 % (g/cc) Klerr] is the
cal i bration constant previ l\“\\\\\‘“&\\\
19 WD 96/ 0272
PCT/ USQ7/ 10999 98/02725 tferr] is the tenperature at whi RETABO04 ¢
deternmined ([err]§)  The method df [chiif] 2 wherdin saidnfiewatats effatt fabtorikfjds was
determned ([err] C Merr] is the nmass flow rate at which K4
was det er mi ndetergingd by sajving the exP'RF%PF] i s determined during the

calibration proceRs_(bq 5}? $)pi ng manner. After Klerr] is
calcul ated, material*is aggl n passed t hrough the densineter at a known
mass flow rate buwhere:s tine at a different tenperature fromthe

t enper ature at .vvhi. [err ed. The density error at this
di fferent 5operat| ﬁ‘ggf"é{t’ﬂ{e Jah‘ﬂ?a%op?oﬁgtgﬁi as follows to determ ne
Klerr]. Calibratipniggipétanéadtired abnsity atefirst Afase Bonr rates (M) f shidd fiowing 0
conpensate cali bration constant Klerr] for the effect of tenperature on the

mass flow r ameatefidlect conpensati on. Descri ption of

Density Correctiop f
Tenperat ure Corrpepééf%oswla—q egg}‘%&"s“y (Dz)at?secongsr%anstsﬂlor\{\(/emI('gﬁh)

operates to @erdmﬁiinghfatem.sured density for the 15 tenperature effect on
the mass flow rate induced density error in nuch the sane way as was
described with respect to Figure 4. Therefore, the description of Figure

6 is sinplified bééggf?gé%aaog%feﬂﬁrﬁh'wﬁ\éﬂem $di@earre e uenly vshu&f(ar) iErom

t he process ed wmth respect to Figure 4.
processi ng stdeterﬂﬂiembscsolptngc(é%ﬂhegmresébm ves all the signals and 20

I'nformation descrpg @ WA{TW gspect to step 401 of Figure 4 and in addition
recei ves cal M nstant Klerr] and t[err].

where
5 D is the corrected density,
D, is the measured density,
K, is said flow rate calibration constant,

My, is said measured flow rate.

5. A method according to claim 1 wherein said step of generating a
measured density value (D,,) includes:
calculating (403), responsive to said measured period of vibration, said
measured density value wherein said measured density value is linearly related to
5 the square of said measured period of vibration.

6. The method of claim 5 where said measured density (Dy,) is
determined by solving (403) the expression:

2
D.,=K2Tm ( l-tctm) —K1

where

D,, is the measured density of the material (g/cm?)
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In step 602 m croprocessor 211 determ n7 !he frequency and period of

.vibration of the vibrating tube as in st%' ﬂ" mﬂm‘4 I n
step 603 m croprocessor 211 calcul ates t | ty (Dlerr]) as in

25 step 403 of _Fi 4. In step 604 ' cYoprocess

cal cul ates thev@o%éﬁgat ed density (Derr]) accordi ng top{:‘ﬁré&"m”‘

f ol | owi ng: T.os the measured tube period (s) 20

WD 98/ 02725 . 2

PCT/ US97/ 10994 K1 8 @A KTa™-Dary o 1 {5 the neasured density (g/ cc)
Derr] is tie 4Q)lis eqhisido dgMgA 17,2 9/ cc) Mnis the nmeasured mass fl ow
rate (g/s) 5 t[err] is the nmeasured tenperature ég[/er 10 tlerr] is
t he tenper at ur O.ds thghgensityaf watenat she time of salibration: ‘f"@§) K[err] and

St Ly ofor nEpiE eSSl S gt ho e o RRAGTGISHT?, 205,110 P enest o
or used in thedda, -fRqplcm?) as described with respect to Figure 4.
' i, is the temperature compensation factor ((% change in T2,/°C)/100 )
15 T, is the tube period for air with no flow at the time of calibration, corrected to 0°C
(s)
T, is the tube period for water with no flow at the time of calibration, corrected
to 0°C (s)
t,, is the measured temperature (°C)

7. A method according to claim 1, wherein said step of calculating (604)
a corrected density value includes the steps of:

retrieving (604) a flow rate effect factor for said flowmeter from a memory,
wherein said flow rate effect factor defines a sensitivity of said measured density

5 with respect to said mass flow rate of said flowing material,

receiving (601, 604) a temperature value wherein said temperature value is
representative of the temperature of said flowing material,

adjusting (604), responsive to said temperature value, said flow rate effect
factor; and

10 -applying (604) said temperature adjusted flow rate effect factor to said

measured density to determine said comrected density.

8. A method according to claim 7 wherein said step of adjusting (604)
said flow rate effect factor includes:
retrieving (601) a temperature compensation factor from a second memory
wherein said temperature compensation factor defines a sensitivity of said flow rate
5 effect factor with respect to changes in temperature of said flowing material; and
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The .t enper at ure conpensati on of Klerr] provided by Kl err] is linear. The
. actual dependence of the ' to mass flow rate on

tenperature is not sinply (mm Hmu"mm,lﬂm}‘sm p. It is apparent to
those skilled in the art that di*fféreht M5 s conpensation factors can be

i ncl uded in YOSBP37280 differently characterize the r el BETESYAPE4

between the densi Ly KrgB04 S tenfperafirddorfiBsrsatib® acterte saiddiow rate effect
t enper at ur e. bp S(Density Measur enent | nprovenent of the Present

| nvent i on ( Fifactoip adjust said flow mieyeffect factar ferthe effect:ofa change in tampeRghlio enent
in density neasur n formance attained with the present invention.
The data whi sﬁ'&ﬁ@%@ﬂ &%‘%@% 701-704 are generated fromthe

anal ytical nodels di scussed above. Curve 701 is representative of the
uncorrected error in densit asur enent,. rve ./02 is. .representative
of the error in d&nsit$ r@ﬁé‘&g‘éﬁﬁﬁ?mﬂiﬂ 1Pz e %P@?ghtsq'ﬂvgﬁppﬁrﬁ ure

wh the d i tig | t which th
en the en%gw%e;ﬁg | onﬁm is Hé?e??ﬁﬁlﬁgﬂboim $oNRg HRSTBRprabsion. 2 ' c ©

25 density C was pertorne Curve 7037 is representative of the
error in density nmeasurenent utili 22i ng only the mass flow rate
conpensati on wi thout the - alyi t.he_ s flowrate
conpensation for the effect I&fqtggﬁgrggfaa%hmﬂry(é}'ﬁ%?tenperature

di fferenceg represented by curve 703, between the calibration

tenperature and the neasurenment tenperature, is 50 [err]C. Curve 704 is 30
r epr esent ati Wh&¥@ the error in density neasurenent utilizing both the mass
flowrate angh t SR 7 ] he t
i nvention when thg')'“ Ehethbneasd'?réﬂrgéﬁte 5%%%&%2?&?@"??5%@?@? g]pl.tett'f‘hgﬁd ﬁag? at
whi ch t he calflow mte My,.was 21
WD 98/ 02725 . ibrati iousl .

PCT/ US97/ 10994  Ksdihessalibep 'Wﬁ@"?%@'}eéﬂ%g%@?grence represented by the

data makiq@ up CuRySs the teffplratard Siowhieh K, wasnterimimed (HC)f er ence represent ed
by the data maki n%“qp curve 703. . r‘é’_ﬁh&ﬁlg\/cesnt ages of the
present inventi on tadS thedemparatups aiguieh , was dste

M. is the mass flow rate at which K, was determined (g/s)

10. A method according to claim 9 wherein said step of applying (604)
said temperature adjusted flow rate effect factor to said measured density and said

measured mass flow rate includes solving the expression:

5 Dc=Dm-I.{3(1+K4(tm-tk3) ) (I‘Im)2
Where:
D, is the measured density (glc_c)
10 D, is the corrected density (g/cc)

M,, is the measured mass flow rate (g/s)

t,, is the measured temperature (°C)

t,; is the temperature at which K; was calculated (°C)
K, and K, as previously defined

26



5 areclear. It is to be expressl

e orer mmmummr

-1s not to be limted to the ¢
but enconpasses ot her nodi fi dat | onREBldkﬁ eradions wthHintthd s?:ope
and spirit of i.nventive concep Furt her, the whose
density is de‘P’ér’ﬁq’ﬁéﬁ by the nethod and appar at us of t he e%%g %? -

i nvention may incllde aAn iaqpamtua(@isfpr asn:arta'ninge thén depsify, oﬂmatenal\ﬂahhngis
any substance,that, f C s| urri.es .of fferent

o race of AN g fARmAKT B navifo"WErayBa oftbe ateely (1P hay heton
conpri si ng t hgeasuredediiisity of Gaid flowind Alabstial Rdngestada lﬂ@m&%&ebﬁéﬁé fiBWing
separate apparatus and applied to the densineter of the present

i nvention. Limetar @éthr@mgh S@ﬁﬂ@aﬁﬂﬂ tubpimeanschabges, said apparaiits apynprising:
e pap' e b heghe [hiREhARTI0R"208 21 BT by el F o
al t er nat i vel yvibrating dutssipielans (131, d81Y assaid feteriabEfiges tessthraughsi ng devi ce.
’ means for generating (210) a measured density value D, for said flowing
material in response to said measurement of said vibration period T,
means for receiving (170L, 170R, 201, 210) a mass flow rate value
10 representative of said mass flow rate M,, of said flowing material through said
vibrating tube (131, 131",
characterized by:
means for generating (210) a flow rate effect factor defining the sensitivity
of said measured density to changes in said mass flow rate of said flowing material;
15 means for multiplying (210) said flow rate effect factor by said measured
mass flow rate to determine a mass flow rate induced density error value;
means for reducing (210) said measured density value by an amount
substantially equal to said mass flow rate induced density error value to determine
said corrected density value; and '
20 means for transmitting (210, 26) said corrected density value to an output
device (29).

12. The apparatus of claim 11 wherein said flow rate effect factor is
determined by solving the expression

Ky=(D1-D2)/ (M1-M2)?

where:

5 K, is said flow rate calibration constant,

D, is a first measured density at a first mass flow rate (M) of said flowing
material,

D, is a second measured density (D,) at a second mass flow rate (M2) of

said flowing material.

Sheet Has Been Re laced
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22 VE CLAI M thod of operating apparatus
. (5) for ascertaining the densi tH‘MU“W!“ﬂ“E%‘FI flowi ng through a
flowneter (10) having vibratingl RS , 131') wherein a
nmeasured density of said flowng material changes as a flow rate of said
fl owi ng mat SWPA&BATRY ough said vibrating tube neans (131, 1FCHUBHAMes,
said 5 nethod c ri-pg ; i ; HEASH deRsi I od
of vibration (FREg(p4O-SI{'@%FEe’%~r%]“§[§q?&2§§ (111 \ﬁht?rr%{?isr?éd St:?Jbe d!“'dbﬁﬁ%%ﬂ@luggésai d
mat eri al f | odeteriinedttiy snlghg the expression: generating (403) a neasured

density val ue D[eprl foka@?i g flowng material in response to said
nmeasur enent of sa G'Q'i’b n period T[err], 10 receiving (401) a
mass fl ow rajyperst!l ue M err] representative of said nmass flow rate of

said flowing material through said vibrating tube (131, 131'),
char act er PzeBclig/the corrected densiyener ati ng (401) a flow rate effect factor k3

defining the AR " nmeasured density to changes in said
mass flow ra éﬁ% egﬂg%%éqrﬁg&eﬁgﬂﬂm erial; 15 mul tiplying (404) said
flow rate ef Kgid sdidfiowrratescaliprationcconstastir ed mass f 1 ow rate Merr] to
determne a ppss flow rate induced density error value k[err]

(Merr])] errm'ﬁﬁa’d measured flow rPgeduci ng (404) said neasured density val ue
by an anount substantially equal to said nass flow rate induced
density error value k[err] (Merr])[err] to detern ne said corrected

density val ue Dfef4]; HpRl apparatus” acoprding P ey Ylanderain; said omeaps cier
density val u§e}]8ra§m%ggbggguggg\gbﬁgﬁﬁ%%mgwgﬁz caid £l 03\/. The net hod of

claim1l wher&n sal ene rate effect
factor (k3) conprmeeas(40) ferteyiculating, responsive to said measured period of vibration,
said measured density value wherein said measured density value is linearly

5 related to the square of said measured period of vibration.

15. The apparatus of claim 14 where said measured density (D) is
determined by solving the expression:

D =K, T;‘; (1-t_t,) -k,
5 where
D,, is the measured density of the material (g/cm?)
T, is the measured tube period (s)
K, is equal to K,T,2-D,
K, is equal to d/(T,2 - T.2)
10 D, is the density of water at the time of calibration (g/cm?)
D, is the density of air at the time of calibration (g/cm®)
dis D, - D, (g/fcm®)
t, is the temperature compensation factor ((% change in T2,/°C)/100 )
T, is the tube period for air with no flow at the time of calibration, corrected to 0°C
15 (s)
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measuring a difference between a first callbri‘ion density of said flow ng

material nmeasured at a first cﬂlllﬂmm ‘s | ow rate and a second
talibration 5 densi ty of said

nmeasured at a second

calibration rate, determ ni ng, responsj

measur ed density gl erence, said mass fl ow rate effecti’&"%ﬁnﬁ@gnd
Storing said Ffaﬁthﬁlt@hﬁ partied farfwater with pe flowrat hertimeraf calibration, corrected

23 V@@%)OZ?ZS

PCT/ US97/ 1099&) 3. The nethod of claim2 wherein said flow rate
ef fect fa@oor t(is[tee njeasured tempeatarer{*@)d by sol vi ng t he expression

Klerr] =(D1 -D2)/ (ML -M2)[err] where: 5 K3 is said flow
rate cal i bration constant, Derr] is a first neasured density at

fi fl i ; D2
a first mass flow f@te T a pb)at@é atebrliing @ didim 11, ’S\Tﬁ{éﬁlhaéa:d meang, for

is a second neasured density (Derr]) at "a second ma ow rate
sai d flow ng aalcelatiag a corrected density value indudesiet hod of claim 1 wherein said

oy SeL oS! HBRHE Pk 0. 24P el e ki
Derr] is thefiowmetartfesmde nmnmory (212), wherein said flow rate effect factor defines a
5 sensitivity of said measured density with respect to said mass flow rate of said
flowing material,

~ means for receiving (190, 203) a temperature value wherein said

temperature value is representative of the temperature of said flowing material,
means for adjusting (210), responsive to said temperature value, said flow

10 rate effect factor; and

means for applying (210) said temperature adjusted flow rate effect factor

to said measured density to determine said corrected density.

17.  An apparatus according to claim 16 wherein said means for adjusting
said flow rate effect factor includes:

means for retrieving (211, 214) a temperature compensation factor from a
second memory (212) wherein said temperature compensation factor defines a

5 sensitivity of said flow rate effect factor with respect to changes in temperature of

said flowing material; and

means for applying (210) said temperature compensation factor to said flow
rate effect factor to adjust said flow rate effect factor for the effect of a change in
temperature of said flowing material.

18. An apparatus according to claim 17 wherein said temperature
compensation factor is determined by solving the expression:

=(D,/ (KxM 4) -11/(e, -t

5 where
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T e ——

Derr] is th m"l . K3 is said flowrate calibration
¢ const ant GHMC '"Hﬂﬂlﬂ["ﬁeasured fl ow rate. 5. A net hod
according to claim1 wher’eint said step of generating a nmeasured density
value (Dl err I ncl udes: cal cul ating (403), responsive to said
measur ed per| 723 brati on, said measured density val BETHEEY WM sai d

freasured density Yg ietheSertdre e Mgéﬁir@@r%néiﬂ/ %amtérﬁgaramreftmsah@n{a%ésur ed

period of vibration. he et of claimb5 where said

measur ed dendlowrat®Mesr]) is det ermined by sol ving (403) the
expressi on: [err] 5 wher e

Derr] is the rreaéiljséﬁ’eoce%@ﬁr&?n(%nmgt %etvg)rljlslglde(fia?gn[ err])
%?:T | US97/ 10994 V\stﬁfr@&ﬁ'@eraturhe at which K, évas determined (°C) ) Kerr] |
TlLerr] is the neasured tu eriod (s err] is
equal to Werr]T[ &es B*edﬁbqeratﬂt? atw@glp s WaS "B%Pgﬁ(()T[ err]- T[err])
Derr] is the dengpt ' | | g/cnferr])
Derr] is the deng\)il"f’gs @fg dgﬁ@%@% t%%m%‘ c?a ia%t?g"f‘ﬁgrqq?lgs}cn{ err])
19.  An apparatus according to claim 18 wherein said means for applying
said temperature adjusted flow rate effect factor to said measured density and said

measured mass flow rate includes solving the expression:

5
D_=D, ~K,(1+K,(t_~t, )} (M )?
Where:
D,, is the measured density (g/cc)
10 D. is the corrected density (g/cc)

M,, is the measured mass flow rate (g/s)

t., is the measured temperature (°C)

t,s is the temperature at which K; was calculated (°C)
K, and K, as previously defined
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dis Derr] - Derr] (g/cnferr]) t[err] is the tenperature

« conpensation factor ((%change in T[err]/[err]C)/100) 15 T[err] is the
tube period for air with no flow at the tinme of calibration, corrected to
Oferr]C T[err] is the tube period for water w at
the tine of cgﬁw"é‘{z?on, corrected to 0OC (9 t, isi,?ﬁgg’rzég%gred
tenperature ([err]C 7. A net hod according to claiml1,
wherein said step of cal culating (604) 1762 corrected density val ue

i ncl udes the steps of: retrieving (604) a flowrate effect
factor for saig seter froma nenory, wherein said flow rate effect

604) .a tenperafjupERvi
representative|of§h¢ tlenperature of said flowi ng naterial,

adj usting (604 ,,ér%soﬁsi ve to said tenperature value, said flowrate

ef f ect fagter; &nd 10 appl ying (604) said tenperature adjusted
flowrate effeq or to said nmeasured density to term ne said

corrected densi 8. A met hod according to claim7 wherein
said step of ' \ti ng (604) said flowrate effect f or includes:
retrieving (681) e;_\t\;e_gf)erature conpensation factor from asagcond nenory
wherein said teapéraflire conpensation factor defines a serllditivi ty of said
flowrate 5 effect factor with respect to changes in tenperature of said
. . o
flowing materi gl ; argdl Y 25
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.applying (604) said tenperature conpensation factor to said flow rate

ef f ect factor to adjust said flowrate effect factor for the effect of
a change in te e of said flowing materi al. A
met hod acc-ordi%%iﬂ%ai m 8 wherein said tenperature corrlf)CeTr'lIslszi'tg”il%934
factor is determned (601) by solving thgsgexpression: [err] 5 wher e
DK4 is the error in the measured density (Dlerr]) at tenperature tK4 and
mass flowrate Merr]. 8 Klerr] i brati on constant
previ ously defined 10 t[err] s the tenperat whi ch K3 was
determned ([err]C tlerf] is the tenp at which K4 was
determned ([err] O M4 1's the nass Tl at which K4 was
determned (g/s) o 10. | A nethod accordj claim9 wherein
sai d step of applying x604) o dai d tenperature ed flow rate effect
factor to said asured densyty gnd said nmeasur ed nass flow rate
i ncl udes sol yin € eKpresyion: err er e:
i ncl ud I}'/'__g’z?ﬂﬂ—‘ {pIe: _—"'"[—_]_—"""‘Wf'——__———_‘l
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Derr.]
density (g/cc)

tferr]
tenperature at

Dat e:

mat eri al flow ng

M

err]

is the neasured density (g/cc) 10

Derr

[err] was calculated ([err]C

Klerr] as pr evi%!sqaaya:%efi ned

11.

(131, 131') wherein a
changes as a flow rate of said UNGIRREGTED DENSITRWERROR al t hr ough sai d

An apparatus (20)
t hrough a fl owret er

neasure

d densit

o

is the

]

tlerr] i

corrected

is the neasured nass flow rate (g/s)
is the neasured tenperature ([err]C

s the

RSB,

ascertaining the density of
) having vibrating tube neans

of said flow ng materi al

FIG. 3

vi brating tub&nébmmgm ; means

for maasuring’él?OR, 206, 2210) the period of|vibratidn T[err] |of said

vi brating tubeSneahs (131, {131') as|said material flgws the hr ough,

means for genekat2 hg—24+—ta—reasur-¢a—densit said flow ng

material in rgsponse to sai{d neasuré¢nent of § q i brja#1 op~perfiod T[err],

means- for receBving (170L, {170R, 201, 210) a| mass Tate vdl ue Mn 10

repr esent at i veg of{ gai e NMnof Eai ial through

sai d vi br@ti ng tube (131, 131'], ] chdr acyoar i z¢d by:

means for gendhatipg (210) {a flow —effect f Lay k3 definiing the

sensitivity g i i t ol changes1TSai d fass flow rate

of said flow %9 erial; 15 means fof mdltipllying (21¢) said flow

rate effect fa&tor|{ k3 by sgdid neasufed 384t oW rate Mmfto determ ne

a mass flow rate1i nduced dgnsity erfor val ue K[ grr] (I\/[erlr])[err];

means for reducing, (2I0) sql d neasur ed densify val ue py an anpunt

substantial ly equg:f to sai @ mass fldw rate ihduced dé‘nsity erthr val ue
~k[err] (Merr])[err] to MFR (ib/min)



20 determne said corrected density value D err]; and means for
.transmtting (210, 26) said corrected density value to an out put

device (29). 12. The apparatus of claim 11l wherein said flow
rate effect factor is determ ned by sol ving the expressi

Kl err]=(D1- DZ)WQWW)[err] where: 5 K3 ig‘?‘.‘g‘gllsawg c‘)‘w
rate calibration constant, Dierr] is a first neasured density at
afirst mass flowrate (Merr]) of said flg ng mat eri al ,

Derr] is a seﬁé sured density (Derr]) at a second nmass flow rate
(M) of sa oM ng material .

27 WD 98/ 02725 | K. Ko, Ka tg

PCT/ US97/ 10994 13'FRE@he @ pargus 01 claim1l wherein said
corrected density value is et er,Mi ned, by s¢l ving the expression:
Dierr]=D{err] - Kerr](Merr]) L'*r] —vwhere p D %] is the corrected
density, Dierr] is the rneasured density, K3 is said flowrate

calibration constant, 401~ err%PPLfW?W@su ed flowrate.
14. The apparatus according fto Cl rei p said neans for
generating a neasured density value includes:

Y

4027 DETERMINE TUBE
FREQUENCY / PERIOD

A 4

CALCULATE MEASURED
DENSITY (Dm)

403~
Dim = KoTnl (1 - totm) - Ky

l

COMPENSATE Dy, FOR MASS
FLOW RATE EFFORT

D¢ =Dm - Ks(Mm)?

404

Yy

405-—]  UTILIZATION MEANS (29)




means (40) for calculating, responsive to said neasured period of

. Vi bration, sai d neasured density val ue wherein said neasured density
value is linearly 5 related to the square of said nmeasured period of
vi brati on. 15. The apparatus of claim 14 where ' ] red
density (D er r\Y?SfIQZﬁS determ ned by solving the expressi orﬁ'%&gi er rf 5
wher e Derr] is the neasured density of the material (g/cnierr])
T[err] is the measured tube period (s) /d<[err] is equal to
Klerr]T[err]- Dlerr] Klerr] is equal Po d/ (T[err] - T[err]) 10 Dferr]
is the density of water at the tinme of calibration (g/cnferr]) Derr]
is the density of air at the ti meUNGORBECTEBDENSIDHERRGRC] err]) dis
Derr] - Derr]_(dxpfer™) tTer 5 The[ T enper atjurgconpgnsat i on
factor ((% chamge inl T[err]/[lerr] C)/100) LI'[err] i gt gtu period for
air with no fl at fhe tinme |of calibfation, cprrectedijto rjc 15 (s)
28 YO O8)-62725 7
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Tl err]
.calibration, corrected
tenperature ([err] O

wherein said Wﬁég

neans for ret

r

fl owmeter froma nenory (212),

a b5
rate of said

representative of t
means for adjusting (210),

flowi ng materi al,
203) a tenperature val ue wherein said

16.

6/6

tlerr]
The apparatus according to claim 11,
calculating a corrected density j
(210, 211, 214) a flow rate effect factg‘?}’pgﬁnw“
wherein said flowrate effect factor
sensitivity of said measured density with respect to said nass flow
means for receiving (190,
tenperature value is
merature of said flowing material,
responsive to said tenperature val ue,

is the tube period for water with no flow at the tine of
to O[err]C (s) 20

is the neasured
udes:
d

or sal
defi nes

said fl ow

10 rate effect factor; and me&qsK4, B, Kagdgh tiang (210) said
tenperature adjusted flow rate effect factor to said neasured density
to determne said corrected crpEg@i t W, RTD 17. An apparat us
according to claim 16 wherein i ] 21 said flow rate
effect factor includes: I IeaRsHe+—&{ri eving (211, 214) a

t enper ature conpensati o&oggs{ or froma secohd menory (212) wherein said
t enper at ure conpensatio actor AdPIYIINRITSTOMP sefpsitivity of said flowrate

effect factor with respect tg

p changes in tenper

material; and

neans

faor

ht ur e of said flow ng

said tenperature

conpensation factor to said flow rlate effect factor to adjust said flow
rate effect factor for the effect of change in tenperature of said

according to claim17
is determ ned by sol ving

flow ng material . 18. An appar at us
wherein said tenperat ur 02— cOMPETERMINETUBRACt O
t he expression: [err] 5 wher ¢REQUENCY / PERIOD
4
CALCULATE MEASURED
603~ DENSITY (Dm)

Dm = K2Tm2 (1 -tc tm) - K1

l

604

COMPENSATE Dy, FOR MASS
FLOW RATE EFFORT

De =D - K3(1 + Kaltm- tkg)Mm)?

1

605

UTILIZATION MEANS (29)




L\~ 4
the rep!acemerﬁ' dhee

29, * * W\D 98/ 02725 is is
PCTt USH7/ 1A593/006.pct . [Dler rumﬂ““l"el“m"mmk t he rreasm‘gé ensity
(Dlerr]) at tenperature tK4 and L e te Merr]. 13 07 1998
Klerr] is the calibration constant previously defined Date: tlerr] is

e enperature ot T S RolBfagS. Q0T e dedl itk hfensiy of ridial osing
is the mass flhgigigh 8 fowieten (td)ehalingadbsing’ tabeeehdegiss[131, 131') wherein a

19. An apparatus~according to claim 18 wherein said nmeans for applying

sai d t enper at measutpddansity o waichflewiris material changes asaa fowrate of gaisk-Rewing
Corr]- ¢ wwaisgal ihrolgh Said Vigifha b Inar nBsdhs. gl AoPriptds Foripriina:”
e . . . .
s T1ow Pate (g et B meatunify TFIOR, 206, 210) thlbgsd df Vilrafiofi b Séid
([err] Q) vibrating tiﬁ@mdaanmhmB??Ersaiwmataﬁal\/ﬂwm%ﬂmuml cul at ed

([err] O [err] and K[err as previously defined . .
means for generating (210) a measured density value D, for said flowing

material in response to said measurement of said vibration period T,,,
means for receiving (170L, 170R, 201, 21 0) a mass flow rate value M,
10 representative of said mass flow rate M,, of said flowing material through said
vibrating tube (131, 131"),
~ characterized by:
means for generating (210) a flow rate effect factor k; defining the sensitivity

of said measured density to changes in said mass flow rate of said flowing material;
15 means for multiplying (210) said flow rate effect factor k, by said measured
mass flow rate M, to determine a mass flow rate induced density error value
ks (M)
means for reducing (210) said measured density value by an amount
substantially equal to said mass flow rate induced density error value ks (_M,,,)2 to
20 determine said corrected density value D_; and
means for transmitting (210, 26) said corrected density value to an output

device (29).

12. The apparatus .of claim 11 wherein said flow rate effect factor is
determined by solving the expression |

K,=(D1-D2)/ (M1-M2)?

where:

5 K, is said flow rate calibration constant,

D, is a first measured density at a first mass flow rate (M,) of said flowing
material,

D, is a second measured density (D,) at a second mass flow raie (M2) of

said flowing material.
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