
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
US007930114B2

112) United States Patent
Tombs

110) Patent No. : US 7,930,114 B2
145) Date of Patent: Apr. 19, 2011

154) COMPENSATING FOR FREQUENCY
CHANGE IN FLOWMETERS

175) Inventor: Michael S.Tombs, Oxford 1GB)

2007/0027641 Al* 2/2007 Henry ... ... ... ..

2007/0124090 Al 5/2007 Henry et al.
2007/01993 89 A I 8/2007 Tombs
2007/0272034 Al 11/2007 Tombs

FOREIGN PATENT DOCUMENTS

.. . 702/56

173) Assignee: Invensys Systems, Inc. , Foxboro, MA
1US)

WO 2004/011894 2/2004

1
* ) Notice: Subject to any disclaimer, the term of this

patent is extended or adjusted under 35
U.S.C. 1541b) by 171 days.

121) Appl. No. : 12/344, S97

122) Filed: Dec. 29, 200S

165) Prior Publication Data

US 2009/0165567 Al JUI. 2, 2009

Related U.S.Application Data

151) Int. Cl.
GO6F 19/OO 12011.01)

152) U.S. Cl. ......................................................... 702/45

158) Field of ClassiTication Search .................... 702/45,
702/189, 12, 46, 47, 48, 79; 324/306

See application file for complete search history.

156) References Cited

U.S. PATENT DOCUMENTS

4,768,384 A
5,295,084 A
5,524,475 A
5,687, 100 A

2004/0187599 Al

9/198 8 Flecken
3/1994 Arunachalam
6/1996 Kolpak

11/1997 Buttler
9/2004 Draham

163) Continuation of application No. 11/674, 610, filed on
Feb. 13, 2007, now Pat. No. 7,480,576.

160) Provisional application No. 60/772, 580, filed on Feb.
13, 2006, provisional application No. 60/827, 845,
filed on Oct. 2, 2006.

Primary Examiner Edward Raymond

174) Attorney, Agent, or Firm Fish & Richardson P.C.

157) ABSTRACT

Motion is induced in a conduit that contains a fluid. The
motion is induced such that the conduit oscillates in a first
mode of vibration and a second mode of vibration. The first
mode of vibration has a corresponding first frequency of
vibration and the second mode ofvibration has a correspond-
ing second frequency of vibration. At least one of the first
frequency ofvibration or the second frequency ofvibration is
determined. A phase difference between the motion of the
conduit at a first point of the conduit and the motion of the
conduit at a second point of the conduit is determined. A
quantity based on the phase difference and the determined
frequency is determined. The quantity includes a ratio
between the first frequency during a zero-flow condition and
the second frequency during the zero-flow condition. A prop-
erty of the fluid is determined based on the quantity.

20 Claims, 10 Drawing Sheets

OTHER PUBLICATIONS

U.S. Appl. No. 11/674, 602, filed Feb. 13, 2007.
U.S. Appl. No. 11/674, 589, filed Feb. 13, 2007.
International Search Report and Written Opinion for International
Application No. PCT/US07/62081, mailed Jun. 24, 2008, lg pages.
Office Action for U.S.Appl. No. 11/674, 589, mailed Jun. I, 2009, 13
pages.
Notice of Allowance for U.S. Appl. No. 11/674, 602, mailed Jun. 2,
2009, 12 pages.
Notice of Allowance for U.S. Appl. No. 11/674, 589, mailed Oct. 2,
2009, 6 pages.

* cited by examiner

400

INDUCE MOTION IN A CONDUIT THAT CONTAINS FLUID
SUCH THAT THE CONDUIT OSCILLATES IN A FIRST MODE

OF VIBRATION AND A SECOND MODE OF VIBRATION

402

!
DETERMINING A FIRST TEMPERATURE THAT INFLUENCES I

THE FIRST MODE OF VIBRATION 404

DETERMINING A SECOND TEMPERATURE THAT
INFLUENCES THE SECOND MODE OF VIBRATION

DETERMINING A PROPERTY OF THE FLUID BASED ON THE
FIRST AND SECOND TEMPERATURE

408



U.S. Patent Apr. 19, 2011 Sheet 1 of 10 US 7,930,114 B2

02
104

t

t,
.t,fg~A -,,~+

sensors

drivers
Digital Transmitter

Ffowtube

sensors

104

Digital Transmitter

driver

~v~~Wm
IIII II&Il IIlll

106

. 1



U.S. Patent Apr. 19, 2011 Sheet 2 of 10 US 7,930,114 B2

Digital Transmitter
200

104

240~
Density

Measurement
System

250~
Mass Flow Rate

Measurement
system

~220
/

~225

Temperature
Sensor(s)

Pressure
Sensor

I

I

I

I

I

I

I

I

Driver Flow Tube Sensor

~ 210

215

4205



U.S. Patent Apr. 19, 2011 Sheet 3 of 10 US 7,930,114 B2

300

INDUCE MOTION IN A CONDUIT THAT CONTAINS FLUID
SUCH THAT THE CONDUIT OSCILLATES IN A FIRST MODE

OF VIBRATION AND A SECOND MODE OF VIBRATION

302

DETERMINING A FIRST FREQUENCY OF VIBRATION
CORRESPONDING TO THE FIRST MODE OF VIBRATION 304

DETERMINING A SECOND FREQUENCY OF VIBRATION
CORRESPONDING TO THE SECOND MODE OF VIBRATION

306

CALCULATING A PROPERTY OF THE FLUID BASED ON THE
FIRST FREQUENCY OF VIBRATION AND THE SECOND

FREQUENCY OF VIBRATION
308



U.S. Patent Apr. 19, 2011 Sheet 4 of 10 US 7,930,114 B2

400

INDUCE MOTION IN A CONDUIT THAT CONTAINS FLUID
SUCH THAT THE CONDUIT OSCILLATES IN A FIRST MODE

OF VIBRATION AND A SECOND MODE OF VIBRATION

402

DETERMINING A FIRST TEMPERATURE THAT INFLUENCES
THE FIRST MODE OF VIBRATION 404

DETERMINING A SECOND TEMPERATURE THAT
INFLUENCES THE SECOND MODE OF VIBRATION

406

DETERMINING A PROPERTY OF THE FLUID BASED ON THE
FIRST AND SECOND TEMPERATURE

408



U.S. Patent Apr. 19, 2011 Sheet 5 of 10 US 7,930,114 B2

500

GENERATE AN AUGMENTED TEMPERATURE 502

GENERATE COMPENSATED DENSITY CALIBRATION
CONSTANTS 504

CONMPUTE FLUID DENSITY 506



U.S. Patent Apr. 19, 2011 Sheet 6 of 10 US 7,930,114 B2

600

DETERMINE THE RAW MASS FLOW RATE 602

COMPENSATE THE MASS FLOW RATE TO ACCOUNT FOR
THE TEMPERATURE DIFFERENTIAL 604



U.S. Patent Apr. 19, 2011 Sheet 7 of 10 US 7,930,114 B2

700

INDUCE MOTION IN A CONDUIT THAT CONTAINS FLUID
SUCH THAT THE CONDUIT OSCILLATES IN A FIRST MODE

OF VIBRATION AND A SECOND MODE OF VIBRATION
702

i(
DETERMINING AT LEAST ONE OF THE FIRST FREQUENCY

OF VIBRATION OR THE SECOND FREQUENCY OF
VIBRATION

704

DETERMINING A PHASE DIFFERENCE BETWEEN THE
MOTION OF THE CONDUIT AT A FIRST POINT OF THE

CONDUIT AND THE MOTION OF THE CONDUIT AT A

SECOND POINT OF THE CONDUIT

706

DETERMINING A QUANTITY BASED ON THE DETERMINED
FREQUENCY AND THE PHASE DIFFERENCE

708

DETERMINING A PROPERTY OF THE FLUID BASED ON THE
QUANTITY

710



U.S. Patent Apr. 19, 2011 Sheet 8 of 10 US 7,930,114 B2

1/2

C

S,

FIG. 8



U.S. Patent Apr. 19, 2011 Sheet 9 of 10 US 7,930,114 B2

Im



U.S. Patent Apr. 19, 2011 Sheet 10 of 10 US 7,930,114 B2

1000

PERFORM OFFLINE CALIBRATION 1002

PERFORM ONLINE COMPENSATION FOR THE EFFECTS OF
MASSFLOW ON FREQUENCY 1004

DETERMINE CORIOLIS MODE FREQUENCY 1006

DETERMINE DENSITY USING THE CORIOLIS MODE
FREQUENCY AND THE TEMPERATURE-COMPENSATED

DENSITY COEFFICIENTS

1008

CALCULATE MASS FLOW RATE 1010

COMPENSATE MASS FLOW RATE FOR THE TEMPERATURE
DIFFERENCE

1012

COMPENSATE MASS FLOW RATE FOR THE EFFECTS OF
MASSFLOW ON FREQUENCY

1014



US 7,930,114 B2
1

COMPENSATING FOR FREQUENCY
CHANGE IN FLOWMETERS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation (and claims the benefit of
priority under 35 U.S.C. )120)ofU.S.patent application Ser.
No. 11/674, 610, filed Feb. 13, 2007 now U.S. Pat. No. 7,480,
576 and titled COMPENSATING FOR FREQUENCY
CHANGE IN FLOWMETERS, now allowed, which claims
the benefit of U.S. Provisional Application No. 60/772, 580,
filed on Feb. 13, 2006 and titled COMPENSATING FOR
CHANGE IN FREQUENCY OF CORIOLIS FLOWME-
TERS WITH MASS FLOW, and the benefit of U.S. Provi-
sional Application No. 60/827, 845, filed on Oct. 2, 2006 and
titled COMPENSATING FOR CHANGE IN FREQUENCY
OF CORIOLIS FLOWMETERS WITH MASS FLOW, all of
which are hereby incorporated by reference in their entirety.

TECHNICAL FIELD

This description relates to flowmeters.

BACKGROUND

physical properties of the conduit. A first temperature and a
second temperature may be determined. The calibration con-
stants may be determined based on the first and second tem-

peratures such that the calculation of the density is compen-
sated for the affect of a differential between the first
temperature and the second temperature.

The property of the fluid may be the mass flow rate of the
fluid. Calculating the mass flow rate may include measuring
the oscillation of the conduit at a first location along the
conduit and at a second location along the conduit. A phase
difference based on the oscillation at the first location and the
oscillation at the second location may be determined. The
mass flow rate may be calculated using:

2

moorreoeeer = Mfacr. K z
—1 —tan( —

) (1 + stan (
—)),

I, toto )oom

20 where 60t is the first frequency, 602 is the second frequency,
6040 is the first frequency during a zero-flow condition, 6020 is
the second frequency during the zero-flow condition, k and k
are calibration constants related to physical properties of the
conduit, and $ is the phase difference. Mfact may be deter-
mined using:

Flowmeters provide information about materials being
transferred through a conduit. For example, mass flowmeters
provide a measurement of the mass of material being trans-
ferred through a conduit. Similarly, density flowmeters, or
densitometers, provide a measurement ofthe density ofmate-
rial flowing through a conduit. Mass flowmeters also may
provide a measurement of the density of the material.

For example, Coriolis-type mass flowmeters are based on
the Coriolis effect, in which material flowing through a rotat-
ing conduit is affected by a Coriolis force and therefore expe-
riences an acceleration. Many Coriolis-type mass flowmeters
induce a Coriolis force by sinusoidally oscillating a conduit
about a-pivot axis orthogonal to the length of the conduit. In
such mass flowmeters, the Coriolis reaction force experi-
enced by the traveling fluid mass is transferred to the conduit
itself and is manifested as a deflection or offset of the conduit
in the direction of the Coriolis force vector in the plane of
rotation.

SUMMARY

30

2—,'(1-2k t~'(~)) -1
Mfacr =

(:l:-)

Determining the first frequency and the second frequency
may include receiving at least one signal from a sensor con-
figured to monitor the oscillation of the conduit. Determina-
tion of the first frequency and the second frequency may
includes determining the first frequency and the second fre-
quency based on the at least one sensor signal.

40 Determining the first or second frequency may include
determining physical properties associated with the conduit,
and determining an expression associated with one ofthe first
frequency or the second frequency based on the physical
properties. The expression may be used to determine one of

46 the first frequency or the second frequency.
The first frequency may be determined based on the second

frequency by calculating:

r, = k t~'( —
)2

In one general aspect, motion is induced in a conduit such
that the conduit oscillates in a first mode of vibration and a
second mode of vibration. The first mode of vibration has a 60 (Er + (Er —Drlrr1
corresponding first frequency of vibration and the second
mode of vibration has a corresponding second frequency of
vibration. The conduit contains a fluid. The first frequency of
vibration is determined, and the second frequency is deter- where 60t is the first frequency, 602 is the second frequency,

mined. A property of the fluid is determined based on the first 66

frequency ofvibration and the second frequency ofvibration.
Implementations may include one or more of the following

features. For example, the property of the fluid may the den-

sity of the fluid. The density may be calculated using:
60

1( ( 4Dr Er
Po = — D4+E4+ r r +1D4 —E41

&Jr &Jr

65

where 60t is the first frequency, 602 is the second frequency,
and D2, D4, E2, and E4 are calibration constants related to

where $ is the phase difference k, D2, D4, E2, and E4 are
calibration constants related to physical properties of the
conduit.

The first mode may be a Coriolis mode, and the second
mode may be a driven mode.

In another general aspect, motion is induced motion in a
conduit such that the conduit oscillates in a first mode of
vibration and a second mode of vibration. The first mode of
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vibration has a corresponding first frequency ofvibration and
the second mode of vibration has a corresponding second
frequency of vibration. The first and the second frequencies

vary with temperature. The conduit contains a fluid. A first
temperature that influences the first mode of vibration is
determined. A second temperature that influences the second
mode of vibration is determined. A property of the fluid is
determined based on the first temperature and the second
temperature. The property depends on at least one of the first

frequency or the second frequency, and the property is deter-
mined based on the first and second temperatures such that the

property is compensated for at least one of the variation of the
first frequency with temperature or the variation ofthe second
frequency with temperature.

Implementations may include one or more of the following
features. For example, the property may depend on both the
first and second frequencies, and the property may be deter-

mined such that it is compensated for both the variation of the
first frequency with temperature and the variation of the sec-
ond frequency with temperature.

The property of the fluid may be the density of the fluid.

Density calibration constants may be determined based on
physical properties of the conduit. A reference temperature

may be determined. The density calibration constants may be
compensated based on the first temperature, the second tem-

perature, and the reference temperature. The density may be
determined based on the compensated density calibration
constants. In another example, the density may be determined
based on the calibration constants and the first frequency or
the second frequency. In yet another example, the density
may be determined based on the calibration constants, the
first frequency, and the second frequency.

The property of the fluid may be the mass flow rate of the
fluid. The mass flow rate of the fluid may depend on the first

frequency during a zero-flow condition and the second fre-

quency at the zero-flow condition.
The first temperature may be a temperature of the fluid

contained in the conduit, and the second temperature may be
a temperature of the conduit. In another example, the first
temperature may be a temperature ofthe fluid contained in the
conduit, and the second temperature may be an ambient tem-
perature in the vicinity of the conduit. In yet another example,
the first temperature may be a temperature of the fluid con-
tained in the conduit, and the second temperature may be a
temperature of a housing of the conduit. In yet another
example, the first temperature may be a temperature of one
location on the conduit, and the second temperature may a
temperature of another location on the conduit.

The first mode is a Coriolis mode, and the second mode is
a driven mode.

In another general aspect, motion is induced in a conduit
such that the conduit oscillates in a first mode ofvibration and
a second mode of vibration. The first mode of vibration has a
corresponding first frequency of vibration and the second
mode of vibration has a corresponding second frequency of
vibration. The conduit contains a fluid. At least one of the first
frequency ofvibration or the second frequency ofvibration is
determined. A phase difference between the motion of the
conduit at a first point of the conduit and the motion of the
conduit at a second point of the conduit is determined. A
quantity based on the phase difference and the determined
frequency is determined. The quantity includes a ratio
between the first frequency during a zero-flow condition and
the second frequency during the zero-flow condition. A prop-
erty of the fluid is determined based on the quantity.
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Implementations may include one or more ofthe following
features. For example, the quantity may be determined by:

ooto 1D4 E41&Jt + Dt Et—1=
to 1D4 —E41oo,k tan (

—
) + E,

2

where 602 is the second frequency, 60tn is the first frequency
during the zero-flow condition, 6020 is the second frequency
during the zero-flow condition, k, D2, D4, E2, and E4 are
calibration constants related to physical properties of the
conduit, and $ is the phase difference.

The property may include a density ofthe fluid contained in
the conduit. Density calibration constants may be determined
based on physical properties of the conduit. A reference tem-

perature may be determined. A first temperature that influ-

ences the first mode of vibration and a second temperature
that influences the second mode of vibration may be deter-
mined. The density calibration constants may be compen-
sated based on the first temperature, the second temperature,
and the reference temperature. Determining the property may
include determining the density based the compensated den-

sity calibration constants and the quantity. The density may
be determined based on:

Dt
P, = + D4,

-:(-(:"-)-I'-I)

where 602 is the second frequency, 60tn is the first frequency
during a zero-flow condition, 6020 is the second frequency
during the zero-flow condition, k, D2 and D4 are calibration
constants related to physical properties of the conduit, and $
is the phase difference.

The property may include a mass flow rate of the fluid
contained in the conduit. The mass flow rate may be deter-

mined based on:

2

meorreered = Mfact K z
—1 —tan( —

) (1 + stan (
—)),

l, toto )

where K is a factor related to the stiffness of the conduit, 602

is the second frequency, 60tn is the first frequency during a
zero-flow condition, 6020 is the second frequency during the
zero-flow condition, k is a constant specific to the conduit, $
is the phase difference, and Mfact is

2—,'(1-2k t~'(~)) -1
Mfact = t

(:I:-)

The first mode may be a Coriolis mode, and the second
mode may be a driven mode.

Implementations of any of the techniques described above
may include a method or process, a system, a flowmeter, or
instructions stored on a storage device of flowmeter transmit-
ter. The details of particular implementations are set forth in
the accompanying drawings and description below. Other
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features will be apparent from the following description,
including the drawings, and the claims.

DESCRIPTION OF DRAWINGS

FIG. 1A is an illustration of a Coriolis flowmeter using a
bent flowtube.

FIG. 1B is an illustration of a Coriolis flowmeter using a
straight flowtube.

FIG. 2 is a block diagram of a digital mass flowmeter for
measuring a property of a fluid.

FIG. 3 is a flowchart illustrating a process for determining
a property of a fluid contained in a flowtube.

FIG. 4 is a flowchart illustrating a process for determining
a property of a fluid contained in a flowtube based on two
temperature measurements.

FIG. 5 is a flowchart illustrating a process for determining
the density of a fluid based on two temperatures.

FIG. 6 is a flowchart illustrating a process for determining
the mass flowrate of a fluid based on two temperatures.

FIG. 7 is a flowchart illustrating a process for determining
a property of a fluid contained in a flowtube.

FIG. S is an illustration of a stiff-walled flowtube.
FIG. 9 is a graph of the poles of a flowtube system as a

function of increasing mass flow rate.
FIG. 10 is a flowchart illustrating a process for calibrating

and configuring a flowmeter.

DETAILED DESCRIPTION

Types of flowmeters include digital flowmeters. For
example, U.S. Pat. No. 6,311,136, which is hereby incorpo-
rated by reference, discloses the use ofa digital

flowmeter

an
related technology including signal processing and measure-
ment techniques. Such digital flowmeters may be very precise
in their measurements, with little or negligible noise, and may
be capable of enabling a wide range of positive and negative
gains at the driver circuitry for driving the conduit. Such
digital flowmeters are thus advantageous in a variety of set-
tings. For example, commonly-assigned U.S. Pat. No. 6,505,
519, which is incorporated by reference, discloses the use of
a wide gain range, and/or the use of negative gain, to prevent
stalling and to more accurately exercise control of the flow-

tube, even during difficult conditions such as two-phase flow
(e.g. , a flow containing a mixture of liquid and gas).

Although digital flowmeters are specifically discussed
below with respect to, for example, FIGS. 1A, 1B and 2, it
should be understood that analog flowmeters also exist.
Although such analog flowmeters may be prone to typical
shortcomings of analog circuitry, e.g. , low precision and high
noise measurements relative to digital flowmeters, they also
may be compatible with the various techniques and imple-
mentations discussed herein. Thus, in the following discus-
sion, the term "flowmeter" or "meter" is used to refer to any

type of device and/or system in which a Coriolis flowmeter
system uses various control systems and related elements to
measure a mass flow, density, and/or other parameters of a
material(s) moving through a flowtube or other conduit.

FIG. 1A is an illustration ofa digital

flowmeter

usin a bent
flowtube 102. Specifically, the bent flowtube 102 may be used
to measure one or more physical characteristics of, for
example, a (travelling or non-travelling) fluid, as referred to
above. In FIG. 1A, a digital transmitter 104 exchanges sensor
and drive signals with the bent flowtube 102, so as to both
sense an oscillation of the bent flowtube 102, and to drive the
oscillation of the bent flowtube 102 accordingly. By quickly
and accurately determining the sensor and drive signals, the
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digital transmitter 104, as referred to above, provides for fast
and accurate operation of the bent flowtube 102.Examples of
the digital transmitter 104 being used with a bent flowtube are
provided in, for example, commonly-assigned U.S. Pat. No.
6,311,136.

FIG. 1B is an illustration of a digital flowmeter using a
straight flowtube 106. More specifically, in FIG. 1B, the
straight flowtube 106 interacts with the digital transmitter
104. Such a straight flowtube operates similarly to the bent
flowtube 102 on a conceptual level, and has various advan-
tages/disadvantages relative to the bent flowtube 102. For
example, the straight flowtube 106 may be easier to (com-
pletely) fill and empty than the bent flowtube 102, simply due
to the geometry of its construction. In operation, the bent
flowtube 102 may operate at a frequency of, for example,
50-110 Hz, while the straight flowtube 106 may operate at a
frequency of, for example, 300-1,000 Hz. The bent flowtube
102 represents flowtubes having a variety of diameters, and
may be operated in multiple orientations, such as, for
example, in a vertical or horizontal orientation.

Referring to FIG. 2, a digital mass flowmeter 200 includes
the digital transmitter 104, one or more motion sensors 205,
one or more drivers 210, a flowtube 215 (which also may be
referred to as a conduit, and which may represent either the
bent flowtube 102, the straight flowtube 106, or some other
type of flowtube), and a temperature sensor 220. The digital
transmitter 104 may be implemented using one or more of, for
example, a processor, a Digital Signal Processor (DSP), a
field-programmable gate array (FPGA), an ASIC, other pro-
grammable logic or gate arrays, or programmable logic with
a processor core. It should be understood that, as described in
U.S.Pat. No. 6,311,136, associated digital-to-analog convert-
ers may be included for operation of the drivers 210, while
analog-to-digital converters may be used to convert sensor
signals from the sensors 205 for use by the digital transmitter
104.

The digital transmitter 104 generates a measurement of, for
example, density and/or mass flow rate of a material flowing
through the flowtube 215, based at least on signals received
from the motion sensors 205. The digital transmitter 104 also
controls the drivers 210 to induce motion in the flowtube 215.
This motion is sensed by the motion sensors 205.

Density measurements of the material flowing through the
flowtube are related to, for example, the frequency of the
motion of the flowtube 215 that is induced in the flowtube 215
(typically the resonant frequency) by a driving force supplied
by the drivers 210, and/or to the temperature of the flowtube
215. Similarly, mass flow through the flowtube 215 is related
to the phase and frequency of the motion of the flowtube 215,
as well as to the temperature of the flowtube 215.

The temperature in the flowtube 215, which is measured
using the temperature sensor 220, affects certain properties of
the flowtube, such as its stiffness and dimensions. The digital
transmitter 104 may compensate for these temperature
effects. Also in FIG. 2, a pressure sensor 225 is in communi-
cation with the transmitter 104, and is connected to the flow-
tube 215 so as to be operable to sense a pressure of a material
flowing through the flowtube 215.

It should be understood that both the pressure of the fluid
entering the flowtube 215 and the pressure drop across rel-
evant points on the flowtube may be indicators ofcertain flow
conditions. Also, while external temperature sensors may be
used to measure the fluid temperature, such sensors may be
used in addition to an internal flowmeter sensor designed to
measure a representative temperature for flowtube calibra-
tions. Also, some flowtubes use multiple temperature sensors
for the purpose of correcting measurements for an effect of
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differential temperature between the process fluid and the
environment (e.g. , a case temperature of a housing of the
flowtube or a temperature ofthe flowtube itself). For example,
two temperature sensors may be used, one for the fluid tem-
perature and bone for the flowtube temperature, and the dif-
ference between the two may be used to compensate density
and/or mass flow calculations as described below.

In FIG. 2, it should be understood that the various compo-
nents ofthe digital transmitter 104 are in communication with
one another, although communication links are not explicitly
illustrated, for the sake of clarity. Further, it should be under-
stood that conventional components of the digital transmitter
104 are not illustrated in FIG. 2, but are assumed to exist
within, or be accessible to, the digital transmitter 104. For
example, the digital transmitter 104 will typically include
drive circuitry for driving the driver 210, and measurement
circuitry to measure the oscillation frequency of the flowtube
215 based on sensor signals from sensors 205 and to measure
the phase between the sensor signals from sensors 205.

The digital transmitter 104 includes a (bulk) density mea-
surement system 240 and a mass flow rate measurement
system 250. The bulk density measurement system calculates
the density of the travelling fluid, for example, based on
equations (27), (28), (34), (35), or (36) described below, or
some variation of either of these equations. The mass flow
rate measurement system 250 measures the mass flow rate of
the travelling fluid using, for example, equation (20)
described below, or some variation of this equation. In gen-
eral, the resonant frequency of vibration of the flowtube 215
for given fluid changes as the mass flow rate of the fluid
changes. This can result in errors in the measured density and
mass flow rate of the fluid if the flowmeter is designed under
the assumption that the resonant frequency only changes with
a change in density of the fluid. Using equations (27), (28),
(36), or (20), or variations thereof, for the measurement of
these items can compensate for such errors. Furthermore, the
ratio of the Coriolis mode and driven mode of vibration at
zero flow is represented in these equations. Generally, for
some flowtubes, this ratio is fixed, and in such a situation the
fixed value can be used directly. However, in other flowtubes,
this ratio is not fixed. In such situations, equation (32), or a
variation thereof, may be used by itself (or combined with
equations (27), (28), (36), or (20)), to account for the change
in this ratio during operation by using the observed frequency
and/or observed phase. In addition, temperature differential
compensation described below may be used in combination
with any of these techniques.

Referring to FIG. 3, a process 300, which may be imple-
mented by the digital transmitter 104, may be used to calcu-
late a property of a fluid contained in the flowtube 215. The
process 300 includes inducing motion in the flowtube 215
(302).As described above, the drivers 210may induce motion
in the flowtube 215. As a result of the induced motion, the
flowtube 215 oscillates in a first mode of vibration and a
second mode of vibration. The first and second modes of
vibration have corresponding frequencies of vibration.

Generally, a 'bent tube' Coriolis flowtube that has two
drivers can be operated in either of the first two natural modes
ofvibration. The flowtube is forced to oscillate in one 'driven
mode', and the effect of Coriolis forces cause a movement in
the second 'Coriolis mode'. Thus, the first mode ofvibration
may correspond to the 'Coriolis mode, ' and the second mode
of vibration may correspond to the 'driven mode. ' Alterna-
tively, the first mode of vibration may correspond to the
'driven mode, ' and the second mode of vibration may corre-
spond to the 'Coriolis mode. ' The frequency of vibration in
the Coriolis mode may be referred to as the Coriolis mode
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frequency, and the frequency of vibration in the drive mode
may be referred to as the driven mode frequency. In many
implementations, the driven mode frequency is higher than

the Coriolis mode frequency. However, physical characteris-
tics of the flowtube 215 may cause the Coriolis mode fre-

quency to be higher than the driven mode frequency. In this
implementation, the Coriolis mode may correspond to the
second mode of vibration, and the driven mode may corre-
spond to the first mode of vibration.

The process 300 also includes determining the first fre-

quency ofvibration (304) and the second frequency ofvibra-
tion (306). The driven mode frequency may be observed
using the sensor signals from, for example, sensors 205. The
Coriolis mode frequency may be determined in a number of
ways. For instance, with some flowtubes, the Coriolis mode
frequency may be directly observed by switching the sense of
drivers coupled to the flowtube. This may cause the flowtube
to vibrate in the Coriolis mode ofoperation, which may allow
the Coriolis mode frequency to be observed using the sensor
signals from the sensors attached to the flowtube. Also, con-
tinuous estimation of the Coriolis frequency may be per-
formed by analysis of the sensor signals.

Another manner of determining the Coriolis mode fre-

quency may include the experimental characterization of the
flowtube. This may be done to produce a generalized expres-
sion of the Coriolis mode frequency as a function of flowtube

properties such as dimensions, materials, tube thicknesses,
fluid and flowtube temperatures, drive frequencies and
observed phase angle/massflow. This expression could use
various multidimensional curve fitting techniques, such as
look-up table, polynomial interpolation or artificial neural

nets.

As another alternative, using the analysis shown further

below, the Coriolis mode frequency may be calculated from
the observed driven mode frequency using the following

equation (described further below), where 60, is the Coriolis
mode frequency and 60n is the driven mode frequency:

1Ea + 1Ea —D21~21
co1 —orp 2 21Ea + (D4 —E41tporq1(Dp + (D4 —E4111 + tp1orq1

Process 300 also includes calculating a property ofthe fluid

contained in the flowtube 215 based on the first and second
frequencies (308). For example, the calculated property may
be the mass flow rate ofthe fluid. The following two equations
(described further below) may be used to determine the mass
flow rate based on the two frequencies:

2

—',(1 —2k t~'(~)) —1

Mfacr =

(:l:-)
2

meorreered = Mfaco K
q

—1 —tan( —
) (1 + stan (

—
))

(origo )

In another example, the property of the fluid may be the
density of the fluid. The density may be calculated from the
determined frequencies of vibration using, for example, the
following equation (described further below):
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1( t 4D~E~
pp = —D4+E4+ a a +1D4 —E4)

A&4 bid

where D~, D~, E~, and E~ are calibration constants, 60, is the
Coriolis mode. frequency, and 60~ is the driven mode fre-
quency. Additionally, the above density equation is indepen-
dent of mass flow rate, thus it gives an accurate density
calculation regardless of variations in mass flow rate.

Referring to FIG. 4, a process 400, which may be imple-
mented by the digital transmitter 104, may be used to deter-
mine a property of the fluid contained in the flowtube 215
based on two separate temperature measurements that repre-
sent a temperature differential. The presence ofa temperature
differential may affect the calculations of properties of the
fluid, such as density and mass flow rate, that depend on at
least one of the frequencies of vibration. Thus, using the two
separate temperature measurements enables the property to
be determined based on the two separate temperature mea-
surements. As a result, the property may be compensated for
at least one of the variation of the first frequency with tem-

perature or the variation of the second frequency with tem-
perature.

The temperature differential may be a difference between
the temperature of one part of the flow tube as compared to
another. For example, the temperature of a torsion bar in
contact with the flowtube may be different than portions ofthe
flow tube that are in contact with the fluid contained in the
flow tube. One of the temperatures may influence the fre-
quency associated with a particular mode of vibration more
than the other mode of vibration. For example, the Coriolis
mode frequency may be more influenced by the temperature
of the fluid in the flowtube 215, and the driven mode fre-
quency may be more influenced by the temperature of the
flowtube body. The temperature that affects the frequency of
a particular mode ofvibration may be referred to as the "mode
significant temperature. "The effects of the temperature dif-
ferential on the frequency may be compensated for if the
mode significant temperatures are known. Although it may
not be possible to measure the mode significant temperatures,
as discussed below, other measurable temperatures may be
used to approximate the mode significant temperatures.

Similar to process 300, process 400 includes inducing
motion in the flowtube 215 (402).The motion may be induced
by drivers 210, and the motion may cause the flowtube 215 to
oscillate in a first mode of vibration and a second mode of
vibration. As discussed above, the first mode ofvibration may
correspond to the Coriolis mode and the second mode of
vibration may correspond to the driven mode. However, as
discussed above, the first mode of vibration may correspond
to the driven mode, and the second mode of vibration may
correspond to the Coriolis mode. The modes ofvibration each
have corresponding frequencies ofvibration, which may vary
with temperature. Unless accounted for, this temperature
variation may result in inaccuracies in the calculation of
properties that depend on one or more of the frequencies of
vibration, such as density and mass flow rate.

Process 400 also includes determining a first temperature
(404), and a second temperature (406). In general, as
described above, there may be mode significant temperatures
associated with a flow tube. For instance, a temperature may
influence the Coriolis mode of vibration, and a temperature,

T~, may influence the driven mode ofvibration. As mentioned
above, measurement of the mode significant temperatures
may not be possible, but they may be approximated by other
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temperatures. For example, the mode significant tempera-
tures may be approximated by a linear combination of the
measured temperature of the fluid, T& contained in the flow-

tube 215 and the ambient temperature or flowtube tempera-
ture, T . The following equation shows a relationship
between the mode significant temperatures, T, and T~, the
temperature of the fluid contained in the flowtube 215, T& and
the flowtube temperature, T

(1 —b) (1 —a)
Ta —T4 —&Tf + 1T —cTf) —aTf — 1T —cTf)(1 —c) (1 —c)

(b —a)
1Tf —T ).

(1 —c)

Thus, in one example, the first temperature may be the
measured temperature of the fluid contained in the flowtube

215, and the second temperature may be the temperature of
the flowtube 215. In another example, the second temperature
may be a temperature representative ofthe environment ofthe
flowtube 215, such as the case temperature ofa housing ofthe
flowtube 215 or the ambient temperature surrounding the
flowtube 215. In yet another example, the first temperature

may be a temperature of the flowtube 215 at one location
along the flowtube 215, and the second temperature may be a
temperature of the flowtube 215 at another location along the
flowtube 215. The location along the flowtube 215 may be a
location on a component that is in contact with, or in the
vicinity of, the flowtube 215, such as a torsion bar.

The process 400 also includes determining a property of
the fluid contained in the flowtube 215 based on the first and
second temperatures (40S). The property of the fluid is one
that depends on at least one frequency ofvibration, such as the
density of the fluid or its mass flow rate, and the property is
determined based on the two temperatures such that the prop-
erty is compensated for the variation of the frequency or
frequencies with temperature. For example, the property may
be compensated for at least one of the variation of the first
frequency with temperature or the second frequency with
temperature. In one example, the density of the fluid may
depend on the observed driven mode frequency. As a result of
this dependency, calculation ofthe density may be affected by
changes in the driven mode frequency that results from tem-
perature changes. As indicated by the following equation, the
density of the fluid may be calculated using the driven mode
frequency and the density calibration constants D~ and D~,
which are functions ofthe stiffness, dimensions, and enclosed
volume of the flowtube 215:

Da
p = —+D4.

~2
2

As described below with respect to FIG. 5, the density
calibration constants, D~ and D~, may be corrected to account
for the presence of a temperature differential, which enables
the density to be compensated to account for the presence of
a temperature differential.

In another example, mass flow rate ofthe fluid may depend
on the driven mode frequency at zero flow and the Coriolis
mode frequency at zero flow, both of which a temperature
differential may affect. The mass flow may be compensated
for the presence of the temperature differential, and may be
determined using the following equations (described further
below):
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mrrprrfp m„, (1 —)3, (T, —To))(l —krd(Tf —T )).

T" =T +krd2(Td- T ). 26

The process 500 also includes generating temperature-
compensated density calibration constants, D~ and D~, based
on the augmented temperature (504). The calibration con-
stants D~ and D~ may be temperature compensated using the
following equations, where T0 is a reference temperature and 30

C and D are flowtube specific constants:

Dd:Ddo(14 C(T To))

D4 =D4O(1+D(T" —To)) 36

Using the temperature-compensated density calibration
constants, the density ofthe fluid may be computed (506).For
instance, the density may be computed based on the density
equation described with respect to FIG. 4:

40

D~
p = —+ D4.

m2
2

46
The temperature-compensated density calibration con-

stants, D~ and D~, may enable compensation of the density
calculation for the presence of the temperature differential.

Although the above density equation depends on the driven
mode frequency, 60~, other implementations are possible. For 60
example, the Coriolis mode frequency may be used to deter-
mine the fluid density instead of the driven mode frequency.
In this case, the density may be calculated based on the
following equation, where the calibration constants E~ and E~
are temperature compensated, similarly to constants D~ and 66

D~:

E~
po = —+E4

m2
4 60

More specifically, in this implementation the augmented
temperature, T&* may be based on the fluid temperature rather
than the temperature of the flowtube 215, as shown by the
following equation:

A process for compensating the mass flow rate for the
presence of a temperature differential is described in more
detail below with respect to FIG. 6.

Referring to FIG. 5, a process 500, which may be imple- 10

mented by digital transmitter 104, may be used for determin-

ing the density based on the two temperatures determined, for
instance, in process 400. In particular, process 500 may be
used to determine the density based on the temperature of the
flowtube 215 and the temperature of the fluid contained in the
flowtube 215 so as to compensate for the temperature differ-
ential between the two. The process 500 includes generating
an augmented flowtube body temperature, T * (502). As
indicated by the following equation, the augmented tempera-
ture T *may be calculated from the measured temperature of
the flowtube 215, T, the temperature of the fluid, T& and an
empirically determined constant that is specific to the flow-
tube 215, k,»..

The density calibration constants associated with the
Coriolis mode frequency, E~ and E~, are then compensated
using the augmented fluid temperature to account for the
presence of a temperature differential. For example, the cali-
bration constants may be compensated based on the following
equations, where E and F are flowtube specific constants:

Ed:Edo(l +E(T FTo))

E4=E4O(1 4 F( T"~ToII

In addition to compensating the density determination for
the presence of a temperature differential, the density deter-
mination may additionally be compensated for the effects of
mass flow rate on the frequencies using the following equa-
tion:

1( t 4D~E~
po = —D4+ E4+ +(D —E )~ i.

4 2

In the above equation, the calibration constants D~, D~, E~,
and E~ are the temperature-compensated calibration con-
stants discussed above, 60, is the Coriolis mode frequency,
and 60~ is the driven mode frequency. Because the tempera-
ture-compensated calibration constants compensate the den-

sity determination for the presence of a temperature differen-
tial, the above equation enables determination of density
compensated for the effect of the temperature differential on
the frequencies and the effect of mass flow rate on the fre-
quencies.

Referring to FIG. 6, a process 600, which may be imple-
mented by the digital transmitter 104, may be used for deter-
mining the mass flow rate based on the two temperatures
determined, for instance, in process 400. In particular, pro-
cess 600 may be used to determine the mass flow rate based on
the temperature of the flowtube 215 and the temperature of
the fluid contained in the flowtube 215 so as to compensate for
the temperature differential between the two. The process 600
includes determining the raw mass flow rate m, (602). The
raw mass flow rate may be determined using the following
equation, where 60~0 is the driven mode frequency at zero
flow, 60, 0 is the Coriolis mode frequency at zero flow, and $ is
the phase difference as measured between the two sensor
signals from sensors 205:

2

The above equation determines m, , which is the mass
flow rate of the fluid, but this mass flow rate is not compen-
sated to account for the presence of the temperature differen-
tial.

The process 600 also includes compensating the raw mass
flow rate determined above for the presence of the tempera-
ture differential (604) using the two temperatures. The com-
pensated mass flow rate may be determined using the follow-
ing equation, where m, is the value determined in (602), JI,
is a basic temperature compensation constant, T, is a tem-
perature that is representative of the Coriolis mode, T0 is a
reference temperature, k,d is a constant that is specific to the
flowtube 215, T&is the temperature of the fluid in the flowtube
215, and T is the temperature of the flowtube 215:
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Additionally, the mass flow rate may be compensated for

both the effects of mass flow rate and the temperature differ-
ential on the frequencies by using the following equation
(described further below) to compute m, in (602).

K 1

frequency during the zero-flow condition, k, Dn, D4, En, and
E4 are calibration constants related to physical properties of
the conduit, and q is the phase difference.

The process 700 also includes determining a property of
the fluid based on the quantity (710).For example, the prop-
erty of the fluid may be mass flow rate, as shown by the
following equation:

toto 1D4 —E41oot + Dt —Et—1=
1D4 —E41ootktan (

—
) + Et

2
60

As indicated by the above equation, the quantity may
depend on the observed frequency, the phase difference, and
calibration constants, which may be specific to the flowtube 66

215. In particular, 60n is the second frequency, 60tn is the first
frequency during the zero-flow condition, 60nn is the second

10

The results may then be used to determine the temperature
compensated mass flow rate, m, . Determining m, in
this manner and then using it to compute m, results in a
mass flow rate that is compensated for the presence of a
temperature differential and the effects of mass flow rate on
the frequencies.

Referring to FIG. 7, a process 700, which may be imple-
mented by digital transmitter 104, may be used to determine
a property of a fluid contained in a conduit such as flowtube
215. In particular, process 700 may be used to determine a 20

quantity that includes a ratio of the driven mode frequency
and the Coriolis frequency during a zero-flow condition. This
quantity may be used to determine a property of the fluid. As
described above, and further below, the calculation of some
properties of a fluid, such as the mass flow rate and the
density, may involve a quantity that includes a ratio of the
driven mode frequency and the Coriolis frequency at zero-
flow condition. However, for some flowtubes, or other con-
ditions, thisratiomaynotbeafixedamount. Therefore, itmay 30
be desirable to calculate the quantity based on observed con-
ditions, such as the driven mode frequency and the phase
difference, and then use the calculated quantity to determine
the property.

The process 700 begins by inducing motion in the flowtube 3&
215 such that the conduit oscillates in a first mode ofvibration
and a second mode of vibration (702). The first mode of
vibration may have a frequency ofvibration that corresponds
to the Coriolis mode frequency. The second mode ofvibration
may have a frequency that corresponds to the driven mode 40
frequency. The process 700 also includes determining at least
one of the first frequency ofvibration or the second frequency
of vibration (704). The process 700 further includes deter-
mining a phase difference between the motion ofthe flowtube
215 at a first point along the flowtube 215 and the motion of 4&
the flowtube 215 at a second point along the flowtube 215
(706). The motion at the first and second point may be mea-
sured, for example, using the motion sensors 205 described
above with respect to FIG. 2.

The process 700 also includes determining a quantity &0
based on the determined frequency (e.g. , the driven mode
frequency) and the phase difference (70S). The quantity
includes a ratio between the first frequency during a zero-flow
condition and the second frequency during a zero-flow con-
dition, such as the quantity shown on the left-hand side of the

&&

following equation:

2
—', (1 —2kt~'(~)) —1

Mfact =

(:I:— ),
2

meorreered = Mfact K
q

—1 —tan( —
) (1 + stan (

—
))

l, toto )

In the above equation, 60t is the first frequency, 60n is the
second frequency, 60tn is the first frequency during a zero-
flow condition, 60nn is the second frequency during the zero-
flow condition, k and k are calibration constants related to
physical properties of the conduit, and $ is the phase differ-
ence.

In another example, the property of the fluid may be the
density ofthe fluid, as shown by the following equation where
60t is the first frequency, 60n is the second frequency, and Dn,
D4, En, and E4 are calibration constants related to physical
properties of the conduit:

Dt
P, = + D4.

toto

The rest of this disclosure provides an analytical explana-
tion for the observed change in vibration frequency of a
Coriolis flowmeter with a change in mass flow rate and/or
with a temperature differential across parts of the system.
This explanation can be used to implement the techniques
described above, and further below, to correct for errors
resulting from these effects.

As described above, a 'bent tube' Coriolis flowtube that has
two drivers can be operated in either of the first two natural
modes of vibration. The flowtube is forced to oscillate in one
'driven mode', and the effect ofCoriolis forces cause a move-
ment in the second 'Coriolis mode'. Also as explained above,
the Coriolis mode may be the first mode ofvibration, and the
driven mode may be the first mode ofvibration. However, the
converse may also occur. The change in resonant frequency
with mass flow rate can be explained by considering the effect
of the secondary Coriolis forces resulting from this Coriolis
mode superimposed on those in the 'driven mode'. Further-
more the change in frequency with mass flow rate is shown to
lower the natural frequency of lowest frequency mode, and to
raise the upper frequency, irrespective of the shape of the two
modes of vibration, or which mode is selected to be driven.

Mass Flow Rate Affect on Density and Mass Flow Rate
Calculations

In the following analysis a simple straight sided rectangu-
lar frame tube is considered and it is assumed that deflections
due to applied forces lead to rotations of the tubes only. The
deflections and rotations are considered to be sufficiently
small such that only forces perpendicular to the tubes can be
considered. It is believed that similar results will be obtained
by extending the analysis to curved tubes with simple bending
modes of vibration.
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FIG. S shows a schematic of a stiff walled flowtube. Fluid

travels in the direction ABCD with constant speed v. The side
tubes each have length h and the middle section length I/2. For
ease of analysis, the flowtube is shown as straight sided, but
the equations should be representative of any flowtube with
curved sides where motions and forces are resolved in the
orthogonal axes. The directions and magnitudes of the Corio-
lis acceleration experienced by an element ofmass 6m=pA61
of fluid with density p travelling along each straight section of
pipe of cross sectional area A are shown on the diagram. This
acceleration is due to the change in angular momentum of the
particle as its lateral velocity changes when moving to/from
the centre of rotation. This fluid acceleration is provided by
lateral forces from the tube wall, and therefore the fluid exerts
equal and opposite forces on the tube. This theoretical flow-
tube has two independent modes ofrotation about the x and z
axes. The inlet and exit tube sections are sufficiently close to
enable cancellation of forces with negligible moment. The
mass flow is constant and no forces or rotation about the y axis
are considered. Centrifugal/centripetal forces in the xz plane
are not considered in practice they will cause tube shape
bending distortion which would affect the modes ofvibration.

This model flowtube can be 'driven' in either of the two
fundamental modes of vibration with drivers F1 and F2. The
motion of the flowtubes is observed by sensors at S1 and S2.

Considering rotation about the x and z axes separately and
integrating the forces along the length of the tubes we obtain
the following equations of motion

I 11/+ CO+ KO = 1F, —F )l /4+ 2 x pAh x 2v4 x l /4

I lh+ Cy4 + Ky4 = 1F + F )h —pAl/2 x2v Oxh
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Ky 2 Kp
0010 = 0020 =

I,
' I,

If the solutions to equation (6) are 60=60„602then it is
possible to express equation (6) in factorized form:

top'-001'l top'-002'I=o

by expanding and comparing coefficients ofpowers of 60 it
is clear that solutions to equation (5) have the property (with-
out further approximation) that

K0Ky
001002 = = 00100020I,I,

Specifically, FIG. 9 shows the root locus of the position of the
poles of the system with increasing mass-flow. The damped
natural frequency is given by the imaginary co-ordinate; the
undamped natural frequency is given by the distant from a
pole to the origin.

With no damping, equation (4) reduces to that of steady
oscillation with frequency found using s=j60 such that

where I and I are moments of inertia about their respective
axes. For uniform pipe and uniform density fluid these terms
are proportional to the total mass of flowtube and contents and
readily computed, but in practice sensor and actuators will
add point masses which may be compensated by additional
masses so this analysis does not expand them here.

For the small deflections considered, C and K are positive
constants defining the effective damping and spring stiffness
opposing the motion.

Taking Laplace transforms and substituting

36

40
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Ky Kp h l m h l m
001002 ——+ —+ = 0010 + 0020 +

I, I, I,I, I,I,

110)

independent of massflow, which suggests that the geomet-
ric mean of the frequencies would be a mass flow independent

frequency which could be very useful for density measure-
ment. Also

m=pAv (2l Exact solutions to equation (6) are given by

we obtain the following form of the equations of motion

(

I s +c, +K, —him ir. o1 ilF, F ll/4 13)

h'lms I,s + C~s+ K& ji 4') I, 1F1 + F2)h1
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( h2l2m rp rp J10 20+ 10 20

4K0 K&001or02o
2 2 2 2

2K0Ky

The response of the system may be expressed as two sec-
ond order responses with modes defined by the solution of the
characteristic equation formed from the determinant of the
left-hand matrix:

tI++Cps+Kp)(IQ+C s+K ))+h I m s =0 (4l

which shows how the modes of vibration are independent
when the mass flow is zero, but are coupled with non-zero
mass flow.

Equation (4) can be solved numerically for any actual
values of the constants, or simple approximate solutions are
given later but the behavior of the roots can be illustrated
with a classical root locus diagram, which is shown in FIG. 9.

60
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Assuming that the change in frequency due to mass flow is
very small, and that the natural frequencies are distinct, equa-
tion (6) will have approximate solutions, neglecting terms in
m and above
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which shows that if 0020&00, 0 then 002&0020 and 00,&00,0 and
conversely if 0020&00,0 then 002&0020 and 00,&00,0.

Now consider the flowtube driven in the second mode of 10

vibration 00=002, with F2=F, just sufficient to counter the
effects of damping then equation (3) has the following steady
state time solution, ignoring damping and free vibration in the
Coriolis mode

15

-»+ ——r~ (-)

So that equation (16) for the mass flow as a function of
phase angle $ and frequency 002, all other variables assumed
constant, taking into account the frequency change with mass
flow can be expressed as

0 = 0psia(00221 1131 1201

hlmr02 him 022

, 00cos(&f221 =
2

00cos(&f221
K4 —Irr02 002

Similarly

assuming all deflections are small, and sensors detect the
linear displacement S„S2at their location defined by r, h

2
h2 I2

20;.,(," —i)

2

002 1—

1211

S2 = hp+r0 1141

S2 = h4 —r0
30

—1 ——r~ (-)

The phase difference (o between the signals will be given
by Which by comparison with equation (12) implies that

h 1022

K4r —1
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40 Now the frequency of oscillation of the flowtube with zero
which can be rearranged to give the more familiar Coriolis

mass flowmeter form flow 0020 will be a function of the fluid density p and the fixed
mass of the flowtube with an expression such as

NOW

1161
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Where M, is a constant term representing the fixed flowtube
mass and dimensions, b is another constant derived from

55
flowtube dimensions which shows how the variable mass of
the fluid contained in the flowtube may be incorporated.

So the flowtube can be calibrated to give

m20
1 1

m20 4 r m20

K4r 1
2

0020

60

D2
po = +D4

2
0020

1241

Given that the change in frequency is small let 0020=002 in 66 Where D2, D4 are flowtube specific calibration constants,
the right hand term and substitute for the massflow from whichmaybefurthercompensatedfortheeffectsoftempera-
equation (16) to obtain ture.
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An estimate of the true fluid density can be obtained with Substituting an estimate for 00nn in the right hand side,

based on the observed 00' using equation (22) we obtain

Dt
p, = —+D4

~2
2

1»1
5 (~to ')K& r, V'

1D4 —E4)tot 1 — t —1 ——t tan (
—
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toto not o ) Ko h 2
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So that the error is given by

2
toto

Which simplifies to
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Note that in equation (26) Da is negative, so that when the
"Coriolis Mode" is less than the "Drive Mode" 00nn, an uncor-
rected density reading will under-read, for other tubes where 20
the frequency ratio is reversed they will over-read. Equation

(20) predicts that irrespective of the magnitude of the ratio of
frequencies anuncorrectedmassflow reading will under-read
at high flow/phase angle. Note also that equations (16) and

(20) show that the phase signal for a given massflow (all other 25

connections similar) changes sign depending on the location
of the Coriolis frequency above or below the Drive frequency.
Substituting equation (22) into equation (24) we obtain a
version of equation (25) which provides a mass flow insensi-
tive estimate of the fluid density p, directly from the observed
flowtube drive frequency 00' and the observed phase angle $.

Which may be further simplified to

toto 1D4 —E41oot + Dt —Et—1=
1D4 —E4 1ootktan (

—
) + Et

2

132a1

In equation (32a), 00' is the second frequency, 0040 is the
first frequency during the zero-flow condition, 00nn is the
second frequency during the zero-flow condition, k, Dn, Da,
En, and Ea are calibration constants related to physical prop-
erties of the conduit, and (is the phase difference.

Therefore we have an expression for this ratio as a function
of observed frequency and phase, and calibration constants.
This can be used in equations for mass flow and density. The
above analysis also may be used to obtain a massflow inde-
pendent measure of the fluid density based on the observed
driven frequency and the natural frequency of the Coriolis
mode.

Repeating equation (9)

2 2(toto IK4 r t 0'
P, -D4( —

1)
——tan (

—
)Koht 2

Po =

1281
45

Note that we can re-arrange equation (26) to give an
40

improved estimate ofthe true fluid density p 0 using the uncor-
rected density estimate p, from equation (25)

Ko K4
tot tot = = totototoI,I,

1331

Which indicates that the product (or geometric mean) of
the Coriolis and Drive frequencies is a function only on fluid
density, and not mass flow.

Now by experiment at zero flow, with different fluids in the
flowtube it is possible to obtain calibration coefficients which
explain how each frequency varies with fluid density, repeat-
ing equations (24) and (29)

Note also that the zero flow natural frequency of the Corio-
lis mode 00 40 will also be a function of the true fluid density pn,
and in a similar manner to equation (24) may be calibrated as

50 Dt
Po = +D4

2toto

Et
Po 2 +E4

toto

1341

1351

Et
Po 2 +E4

toto

55
1»1

Combining (34) and (35) we may obtain an expression for
the fluid density as a function of the actual frequencies for any
massflow.

Combining equations (29) and (24) the ratio ofthe frequen-
cies is given by

1( t 4DtEt
po= —D4+E4+

& &
+1D4 —E41

tot tot

1361

toto 1D4 —E4 Iooto + Dt2 2

toto2 Et

13o1

Now 00' is the observed driven frequency of the flowtube,
and 00t is the natural frequency of the Coriolis mode at the
actual mass flowrate.
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As described above, techniques for measuring the Coriolis

frequency include, but are not limited to the following:

1. With some flowtubes, direct observation by switching
the sense of drivers coupled to the flowtube. This may

5
cause the flowtube to vibrate in the Coriolis mode of
operation.

2. Continuous estimation of the Coriolis frequency may be
performed by analysis of the sensor signals.

3. Experimental characterization of the flowtube may be
performed to produce a generalized expression of the
Coriolis frequency as a function of flowtube properties
such as dimensions, materials, tube thicknesses, fluid

and flowtube temperatures, drive frequencies and
15

observed phase angle/massflow. This expression could
use various multidimensional curve fitting techniques,
such as look-up table, polynomial interpolation or arti-

ficial neural nets.

4. Using the analysis shown previously in this document, 20

experimental calibration of coefficients may lead to an
ability to calculate the natural frequency of the Coriolis
mode based on the observed driven mode frequency. For
example:

25
Substituting

A simplified version, of equation (20), ignoring the effect
ofmass flow on frequency, relating phase angle to mass flow

1S

K (411

Where the no-flow Coriolis and Drive mode frequencies
are defined by

Kg 2 Kp
toto = 1020 =

I,
' I,

(421

Kptt = Kptp(l —/31(Tt —Toll

10T1 10Tp ( —
1 ( 1

— oil
2 2

20T2
= 20Tp( 2( 2 011

(431

It is to be expected that temperature change will reduce the
Young's modulus of the material used in the flowtube, and
increase the dimensions through thermal expansion.

A first order model approximation to these effects is

Kp P.
2

2

r, = ——t~ (
—

)Koht 2

An expression for c01 may be obtained as follows

(371

30 Where T0 is a reference temperature, T„T2are represen-
tative temperatures for the Coriolis and Drive vibration
modes.

For robust massflow calibration, it is useful to understand
the variation with differential temperature of the 'ideally con-
stant' multiplicative factor

(E2 + (E2 —Dt1tt 1
rot —102 2 2(E2 + (D4 —E41121021(D2 + (D4 —E41(l + 1211021

(3(11

(
20T2 20Tp ( u2(T2 Toll
2 2

—1 —1

1QT1 1Qtp ( 1( 1 011

(441

Now for a class of flowtubes where the ratio of zero mass 40

flow frequencies are constant irrespective of the fluid density
we have

(

2
0220TO

(1 —u2(T2 —Tl0+ ut(T1 —Toll —1
rototo

2
0220TO

D4 =E4

D2 1020
2

2
=y

10

(3&1

(

2
0220TO

2
Ottpto

—1 1 — (u2(T2 —Tol —ut(T1 —Toll

. (I:::-)

And equation (38) reduces to

2 2 (E2 + (E2 —D21121
rot —102

E2 D2

50 A 'density optimized' flowtube will be designed to keep the
ratio of frequencies constant with different density fluids and
temperatures. Therefore when in thermal equilibrium at Tem-
perature T

(401

55

2
102 2= —(1+ (1 —ylr21
y

Temperature Compensation with Multiple Temperature
Measurements

Tt —T2 —T

u'2 = u'1 = u'

2
0220TO

(441

(451

In addition to the effect of mass flow on the frequency, the
temperature differential between the fluid and the flowtube

may affect the density and/or mass flow calculations. Imple-
mentations may compensate for this affect of the temperature
differential.

Now it may not be possible to directly measure the appro-
priate temperatures corresponding to the mode significant
temperatures T„T2,but it is reasonable to assume that in
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steady-state both, and a flowtube measured temperature T
are linear combinations of the fluid temperature T& and the
ambient temperature T, i.e.

The density calibrations constants D2 and D4 are functions
of the flowtube stiffness, dimensions and enclosed volume
and it is reasonable to assume that they may be characterized
as having linear variation with temperature

T, = aTj + 11 —a)T,

T2 = bTj + 11 —b)T,

T = cTj + 11 —c)T,

146)

10

D2 = Dapll + C1T2 —Tp))

D4 = D4pll + D1T2 —Tp))

11 —b)
T2 —Tj —bTj + 1T~ —cTj)—

11 —c)

11 —a)
aTj — 1T —cTj)

11 —c)

lb —a)
1Tj —T )

11 —c)

147)

20

Where a,b, c are in the range 0-1.
Rearranging to eliminate the ambient temperature we

obtain
15

Where C and D are flowtube type specific constants
obtained by careful experiments with different density fluids

with different stable 'equilibrium' temperatures, where
T2:Tj and D2p and D«are base values at temperature To.
In the presence of a temperature differential across the

flowtube, the ideal temperature to use is T2, which is assumed
to be approximated by T but may not be able to be directly
observed.

In that case, equation (47) can be rearranged to show that

lb —c)
T2 = T + 1Tj —T )

11 —c)

Therefore an appropriate form of the massflow equation 26

with temperature compensation is Therefore a correction for the temperature compensation
of the density measurement in the presence of temperature
difference may use an augmented temperature T* where

148)2

mtpppfp m„, ll —7), (T, —Tp))ll —k,dlTj —T ))

Where k,d is another flowtube specific constant

2
op jorp

opjorp 1 c)

14&)

40

T" =T +krd2(Tj- T ) (~31

Where k,d2 is an empirically determined constant for each
flowtube type.

Therefore an algorithm for computing a density estimate in
the presence of a temperature differential across the flowtube
1S

a) Generate T* from equation (53)
b) Generate temperature compensated D2 and D4 from

equation (51)using T* as an estimate of T2

An interesting prediction from equation (49) is that this
temperature difference factor changes sign depending on 46
whether the drive frequency is above or below the Coriolis
frequency.

Note also that equation (48) includes the basic temperature
compensation as a function of temperature T, . It may be
appropriate to approximate this by T&where, by inspection, 60

the Coriolis mode will be more influenced by fluid tempera-
ture than flowtube body temperature T . In addition, equation
(49) does not take into account the affect of mass flow on
frequency. However, this may be taken into account using, for
example, the second term in equation (20). For instance, m, 66

in equation (49) may be calculated based on equation (20),
and then temperature compensated.

This analysis also may be used to compensate density
calculations based on the temperature difference between the
fluid temperature and the flowtube temperature. A basic equa- oo

tion for density derived from equation (25) is

D2 = Daoll + C1T' —To))

D4 = D4p1 1 + D1T' —Tp))

1&4)

E2
po = —+E4),

m2j

the equivalent equations to (52), (54), and (55) are

11 —a)
Tj = Tj — 1Tj —Tm)

11 —c)

Tj —Tj k,d j 1Tj —T~) 1&6)

c) Use equation (50) to obtain an estimate of fluid density
from the drive frequency.

Note that an analogous procedure can be applied when
using the Coriolis frequency to determine the fluid density

(per, for example, the equation

D2
p = —+ D4

m2
2

1&0)

65

E2 = Eapll + E1Tj —Tp))

E4 = E4ofl + F(Tj —To))

1&7)
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In addition, the temperature difference may be compen-

sated in addition to the compensation for the affect of mass
flow on frequency by using the temperature compensated
coefficients Dn, D4, En, E4 (calculated, for example, from
equations (55) and (58)) in equation (36).

Meter Calibration and Configuration Process for Tempera-
ture and Mass Flow Rate Compensation

Referring to FIG. 10, a process 1000 calibrates and con-
figures a flowmeter transmitter to compensate for a tempera-
ture differential and the effect of mass flow rate on the fre-
quency. The process 1000 includes performing an offline
calibration using the following equation to determine the
coefficient K~ (1002).The coefficient K~ describes the effect
of massflow on frequency, for various massflow rates with

phase angle $:

6

10

16

The process 1100 also includes calculating the mass flow
rate (1010) using the following equation, which is a basic
massflow equation:

1
m„, = Krpt it+ A(T —Tp)) —tan( —).

tot 2

1601

This is then compensated for temperature difference
(1012) using the following equation, discussed above as
equation (48)

m„=m,„(l—kd(TT-T ii (61i

This quantity is then compensated for the effects of mass-
flow on frequency (1014) which gives a massflow effect on
massflow using equation (20)

( 2
(mto l t p

p, —pp = —ltop —D4) —1 Katan (
—).

toto 2
'

20

m.„,„„,=m„.„(1+h«an (
—

))2
1621

The coefficient K~ is computed using the known zero mass
flow values of the frequencies 00nn and 00tn. The ratio of the
zero mass flow frequencies is a production controlled variable
that is specific to each flowtube type. D4 is the temperature
compensated density calibration variable and may be deter-

mined from no-flow air/water tests. p, is the density that
would be observed without massflo correction, pn is the true
density at each point.

The process 1000 also includes performing an online com-
pensation to account for the effects ofmassflow on frequency
(1004). Using the following equation, discussed above as
equation (37):

K4 r2

r, = ——tan (
—

)Kpht 2

with calibration constant K~ from above to replace the
combination of constants, tn may be determined as shown in
the following equation.

t2 = Kdtan ( )2

Process 1000 continues by determining the Coriolis mode
frequency 00t (1006) from the following equation:

(Et + (Et —Dtltt)
tot —tot 2 2(Et + (D4 —E41tt

roti�(Dt

+ (D4 —E4111 + tt loot 1
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36

40

46

60

60

Where the new coefficient k is obtained from an offline
massflow calibration procedure at the same time as the basic
calibration factor KE~n. A and k,~ are assumed to be flowtube
type specific temperature coefficients which are determined
by careful temperature controlled trials on an example flow-
tube characteristic of the size, wall thickness and construction
material.

Additionally, linear compensation of the massflow and
density readings as a function of an additional external pres-
sure measurement may be performed. Pressure stiffens the
flowtube but may also change the ratio of frequencies with
corresponding effects on massflow and density readings as
predicted by the equations in this document.

When using flowtubes in which the ratio of frequencies is
not constant with different fluid densities (as discussed with
respect to equation 32), the above form of the density equa-
tion may be used, but additional calibration steps may be
needed to determine the calibration of the Coriolis mode
frequency/density behavior for each individual tube. Equa-
tion (32) may be used with the various equations for compen-
sating for the effect ofmass flow on frequency to also take into
account the variation of the ratio of frequencies with density.
The same ratio of frequencies also appears in the temperature
difference combinations but trials to determine all the effec-
tive constants for compensation may not be feasible. An alter-
native approach would be to use software to observe the
effective Coriolis frequency online this would be enhanced
if the manufacturing of the flowtubes was optimized to pro-
duce a single 'clean' Coriolis frequency to track. This tech-
nique would also help to compensate for dynamic tempera-
ture change effects and the basic asymmetric effect of
pressure of the vibrating frequencies as described further
below.
Compensation with Coriolis Frequency

As indicated above, observation of the effective Coriolis
frequency online may be used to compensate for dynamic
temperature change effects and the basic asymmetric effect of
pressure of the vibrating frequencies. Ignoring the effects of
massflow on frequency (perfectly valid at low flow, and when
comparing the same flowrates at different temperature con-
ditions)

The density is then determined using the Coriolis mode
frequency and the temperature-compensated density coeff-
icient (1008). For example, equation (36) is used with the
temperature difference compensated density coefficients as

per equations (53) and (55), (56) and (57) to calculate the
density.

66

m =
K~

—' —
1)
—t~(-)

tp tot 2

where 00' is the operating drive frequency and 00t is the Corio-
lis mode frequency, $ the measured phase difference. K is a



27
US 7,930,114 B2

28
factor related to the stiffness of the flowtube and the linear
dimensions that relate the observed deflection in the Coriolis
mode to mass flow.

We expect to be able to characterize the changes in K with
flowtube temperature, and we would expect, that in thermal
equilibrium the ratio of frequencies would remain constant
Both modes due to the change in Young's modulus and ther-
mal expansion of similar material. But we now consider the
case where the ratio of frequencies is not constant, but rather
is a function of, for example, fluid density, temperature dif-
ference, or fluid pressure.

Assuming the basic temperature correction provided for
the variation of K is correct, the above equation predicts that
the true massflow will be related to the apparent massflow by

15

so a proposed algorithm for using the observed vibration
frequencies to automatically account for temperature differ-
ence (or fluid density or pressure) is to use the form

2
—', (1 —2kt~'(~)) —1

Mfacr =

2

maarreared = Mfacr K
q

—1 —tan( —
) (1 + stan (

—
))

l ter1c ) mt 2 2

Theoretically,

mrrae =
mappa rear

II-:i- )1.
20

k=
~

—1 ka, k~=
~ ka,

where the subscript 0 refers to, the values at flowtube calibra-
tion conditions.

The change in frequency of oscillation with flowrate is
described earlier; both the drive and the Coriolis mode fre-
quencies change by the same factor in opposite directions (the
higher goes up, the lower down).

This change in frequencies (with true massflow) affects the
massflow calibration via the same mechanism as anything 30

else which changes the frequencies, and results in a charac-
teristic negative error at high flows. A simple correction algo-
rithm has been demonstrated to correct for this effect, and it is
important to understand the relationship between the known
change in frequencies due to massflow and the unknown via 36

temperature difference, fluid density pressure etc.
Theory suggests the true relationship between massflow

and phase angle is given by the equation

where k~ is the coefficient used in the massflow independent
density equation. The relationship between k~ and k can be
experimentally verified to within 10%, the difference
explainable in terms of temperature and pressure variation
during trials, which means that this equation could be simpli-
fied. However it is preferably to leave it in this form as the
Mfact term can be heavily filtered to track relatively slow
changes in pressure/temperature only. Keeping k separate
also allows a degree of tuning to help match theory/experi-
ment.

Code Example

The following is an example of code for implementing
some of the foregoing techniques in a Coriolis flowmeter
transmitter.

m = K,' -1 —tan(-)

40

double tmp;
double my square( double x )

2

m = K( —ti —tan( —
) (1+k tan (

—
)))mt 2 2

50

where 6020 is the equivalent zero flow drive frequency, k a 66
flowtube specific constant. This is a convenient form as with-
out differential temperature or pressure effects this ratio of
frequencies can often be assumed to remain constant.

Now the observed frequencies are related to these zero flow
frequencies via the theoretical expression considering only
the massflow effects

where 602 is the actual drive frequency and euro the Coriolis 46

mode frequency at zero flow.

Applying the correction for the effect of massflow this
equation becomes

return tx*xl;

/* Estimate the Coriolis mode frequency */

double omegalst double c2, double D2, double D4, double E2,
double E4)

double pd, t2;
pd = phase stats-)getMeant ); //use a filtered version of

phase difference
t2 = flowtube defaults. dens McorK fact * my square( tant

my pi * pd/360. 0 ) );
tmp = my square(E2+(E2 —D2)*t2)/(E2+(D4 —E4)*t2*c2)/(D2+(D4-

E41�*(1.

0+t2l*c21;
return t c2 * tmp);

/a

Protected form of sqrt for use in corrected density calculation
Halts transmitter if attempts to do square root of negative
number
Replace before production use
a/

double my squareroott double x )

,"—1 = —',(1 —2kt~'(-)) —1
65

if (x(0)

send message("Fatal error in density correction
coefficients or equation", 1,1);

exit(1);
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-continued

return ( sqrt(xi i;

void calculate density basic (mens data type * p, meas data type
* op, int validating)

/* foxboro variables */

double c2, Tz, zl, z2, z3, z4, z5, z6;
/*correction variables*/
double cl, D2, D4, E2, E4;

Tz = p-&temperature value —20.0;
c2 = p-&n freq;

c2 = (c2 *
c2i /256. 0;

p-&raw dens = (DKl * Tz + DK2i / c2 +
DK3 * Tz + DK4;

/* Use density correction for flow method if enabled */

if( do dens corr flow == 1 i

/* temperature correct density constants, including correct:

p-&massflow value = p-&raw mass *

(1.0 + km * m * m i;

else

p-&massflow value = p-&raw mass;

10
if(do flow corr pres == ti

p-&massflow value = p-&massflow value *

( 1.0+ flowtube defaults. flow pressure fact

( p-&pressure —calibration pressure i i;

15
/* mass flow compensation for temperature difference */

if(do flow corr Tdiff== ti

for Tdiff */

if ( do dens corr Tdiff == 1 i
Tz+= flowtube defaults. dens Tdiff fact *

(p-&temperature value —p-&fluid temperature
20
"

p-&massflow value = p-&massflow value *

( 1.0 + flowtube defaults. flow Tdiff fact *

( p-&temperature value —p-&fluid temperature

by bias term*/

D2 = DK2 + DKl*Tz;
D4 = DK4+ DK3*Tz;
E2 = EK2+ EKl*Tz;
E4 = EK4+ EK3*Tz;
cl = omegals( c2, D2, D4, E2, E4i;
/* Calculate density with optional offset applied

A number of implementations have been described. Nev-

ertheless, it will be understood that various modifications
may be made. Accordingly, other implementations are within

the scope of the following claims.
p-&density value = dens flow bias+ 0.5 *

(
(D4 + E4i + my squareroot( 4.0 * D2 * E2 /

(c2*cli + my square(D4 —E4i i
i;

else

p-&density value = p-&raw dens;
if(do dens corr pres == ti

p-&density value = p-&density value *
( 1.0+

flowtube defaults. dens pressure fact * (p-
&pressure —calibration pressure i i;

void calculate massflow basic (mens data type * p,
meas data type * op, int validating)

¹define sqr(xi ((xi*(xii
double Tz;
double noneu mass flow;
double pd;
/* Flow correction variables */

double km, kmd, m, d;
/* check for non-standard conditions */

if (measurement task!= NORMAL MEASUREMENT)

abnormal massflow (p, op, validating);
return;

// Compute massflow
//- ———————

pd = p-&phase diff;

/* calculate non-engineering units mass flow */

if(amp svl & le—6i
noneu mass flow = 0.0;

else
noneu mass flow = 2.0 * tan ( my pi * pd / 360.0

i; // latest 2*tan (phase/2i option
// convert to engineering units
Tz = p-&temperature value —20.0;
p-&raw mass = 200.0 * flow factor * 16.0 * (FCl * Tz +

FC3 * Tz * Tz + FC2i
* noneu mass flow/p-&v freq;

if(do flow corr flow == ti

/* Flowtube constants */

km = flowtube defaults. flow McorK fact;
m = tan ( my pi * phase stats-&getMean( i /360. 0

45

What is claimed is:
1.A method comprising:
inducing motion in a conduit such that the conduit oscil-

lates in a first mode of vibration and a second mode of
vibration, the first mode of vibration having a corre-

sponding first frequency of vibration and the second
mode of vibration having a corresponding second fre-

quency ofvibration, wherein the conduit contains a fluid

and the first and second frequencies vary with tempera-
ture;

determining the first frequency of vibration;
determining the second frequency of vibration; and
determining a property of the fluid based on the determined

first frequency and the determined second frequency
such that the property is compensated for the variation of
at least one ofthe first frequency or the second frequency
with temperature.

2. The method of claim I, wherein determining a property
of the fluid based on the first frequency and the second fre-

quency such that the property is compensated for the variation
of at least one of the first frequency or the second frequency

60 with temperature comprises:
determining a correction factor based on the determined

first frequency and the determined second frequency;
and

determining the property based on the correction factor
such that the property is compensated for the variation of
at least one ofthe first frequency or the second frequency
with temperature.

3.The method of claim 2, wherein the property of the fluid
is the mass flow rate of the fluid.

4. The method of claim 3, further comprising:
measuring the oscillation of the conduit at a first location

along the conduit and at a second location along the
conduit;

determining a phase difference based on the oscillation at
the first location and the oscillation at the second loca-
tion; and
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wherein the mass flow rate is determined using:

2

—',(t —2kt~'(~)) —t

Mfacr =

2

meorreered = MfacnK
q

—t —tan( —
) (t +stan (

—)),
( origo )ooro

where m, is the first frequency, non is the second frequency,

m, n is the first frequency at a zero-flow condition, norm is the
second frequency at the zero-flow condition, k and k are t5
calibration constants related to physical properties of the
conduit, and m is the phase difference.

5. The method of claim 1, wherein the first mode is a
Coriolis mode, and the second mode is a driven mode.

6. The method of claim 1, further comprising:
receiving at least one signal from a sensor configured to

monitor the oscillation of the conduit; and
wherein determining the first frequency and the second

frequency includes determining the first frequency and
the second frequency based on the at least one sensor 25

signal.
7. The method of claim 1, further comprising:
determining a physical property associated with the con-

duit;
determining an expression associated with one of the first 30

frequency or the second frequency based on the physical
property; and

wherein determining the first frequency or determining the
second frequency comprises using the expression to
determine the first frequency or the second frequency. 35

S.The method of claim 1,wherein the property of the fluid
is the mass flow rate of the fluid.

9.A flowmeter transmitter comprising:
at least one processing device; and
a storage device, the storage device storing instructions for 40

causing the at least one processing device to:
induce motion in a conduit that contains a fluid such that

the conduit oscillates in a first mode of vibration and
a second mode ofvibration, the first mode ofvibration
having a corresponding first frequency of vibration 45

and the second mode of vibration having a corre-
sponding second frequency of vibration, wherein the
first and second frequencies vary with temperature;

determine the first frequency of vibration;
determine the second frequency of vibration; and 50

determine a property of the fluid based on the deter-
mined first frequency and the determined second fre-
quency such that the property is compensated for the
variation of at least one of the first frequency or the
second frequency with temperature. 55

10. The transmitter of claim 9, wherein to determine a
property of the fluid based on the first frequency and the
second frequency such that the property is compensated for
the variation of at least one ofthe first frequency or the second
frequency with temperature, the storage device further stores 60

instructions for causing the at least one processing device to:
determine a correction factor based on the determined first

frequency and the determined second frequency; and
determine the property based on the correction factor such

that the property is compensated for the variation of at 65

least one of the first frequency or the second frequency
with temperature.

11.The transmitter ofclaim 10, wherein the property ofthe
fluid is the mass flow rate of the fluid.

12.The transmitter of claim 11,wherein the storage device
further stores instructions for causing the at least one process-
ing device to:

measure the oscillation of the conduit at a first location
along the conduit and at a second location along the
conduit;

determine a phase difference based on the oscillation at the
first location and the oscillation at the second location;
and

wherein the mass flow rate is determined using:

2
—', (t —2kt~'(~)) —t

Mfacr =

(:I:—
)

2

meorreered = MfacnK
q

—t —tan( —
) (t +stan (

—)),

where m, is the first frequency, non is the second frequency,

m, n is the first frequency at a zero-flow condition, m is the
second frequency at the zero-flow condition, k and k are
calibration constants related to physical properties of the
conduit, and m is the phase difference.

13.The transmitter of claim 9, wherein the first mode is a
Coriolis mode, and the second mode is a driven mode.

14.The transmitter of claim 9, wherein the storage device
further stores instructions for causing the at least one process-
ing device to:

receive at least one signal from a sensor configured to
monitor the oscillation of the conduit; and

wherein the determination of the first frequency and the
second frequency includes determining the first fre-
quency and the second frequency based on the at least
one sensor signal.

15.The transmitter of claim 9, wherein the storage device
further stores instructions for causing the at least one process-
ing device to:

determine a physical property associated with the conduit;
determine an expression associated with one of the first

frequency or the second frequency based on the physical
property; and

wherein the determination of the first frequency or the
determination of the second frequency comprises using
the expression to determine the first frequency or the
second frequency.

16.The transmitter of claim 9, wherein the property of the
fluid is the mass flow rate of the fluid.

17.A flowmeter comprising:
a vibratable flowtube;
a driver connected to the flowtube and configured to impart

motion to the flowtube;
a sensor connected to the flowtube and configured to sense

the motion of the flowtube and generate a sensor signal;
and

a controller to receive the sensor signal and configured to:
apply a drive signal to the driver to induce motion in the

flowtube when the flowtibe contains a fluid such that
the flowtube oscillates in a first mode ofvibration and
a second mode ofvibration, the first mode ofvibration
having a corresponding first frequency of vibration
and the second mode of vibration having a corre-



33
US 7,930,114 B2

34
sponding second frequency of vibration, wherein the
first and second frequencies vary with temperature;

determine the first frequency of vibration;

determine the second frequency of vibration; and

determine a property of the fluid based on the deter- 5

mined first frequency and the determined second fre-
quency such that the property is compensated for the
variation of at least one of the first frequency or the
second frequency with temperature.

10
1S.The flowmeter of claim 17, wherein the property of the

fluid is the mass flow rate of the fluid.

19.The flowmeter of claim 17, wherein the first mode is a
Coriolis mode, and the second mode is a driven mode.

20. The flowmeter of claim 17, wherein to determine a
property of the fluid based on the first frequency and the
second frequency such that the property is compensated for
the variation of at least one ofthe first frequency or the second
frequency with temperature, the controller is further config-
ured to:

determine a correction factor based on the determined first
frequency and the determined second frequency; and

determine the property based on the correction factor such
that the property is compensated for the variation of at
least one of the first frequency or the second frequency
with temperature.
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