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Description

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims priority to U.S. Provisional Application Serial No. guy’172,580, titled COMPENSATING
FOR CHANGE IN FREQUENCY OF CORIOLIS FLOWMETERS WITH MASS FLOW, and filed on February 13, 2006,
and to U.S. Provisional Application Serial No. 60/827,845, titled COMPENSATING FOR CHANGE IN FREQUENCY OF
CORIOLIS FLOWMETERS WITH MASS FLOW, and filed on October 2, 2006.

TECHNICAL FIELD

[0002] This description relates to flowmeters.

BACKGROUND

[0003] Flowmeters provide information about materials being transferred through a conduit. For example, mass flow-
meters provide a measurement of the mass of material being transferred through a conduit. Similarly, density flowmeters,
or densitometers, provide a measurement of the density of material flowing through a conduit. Mass flowmeter also may
provide a measurement of the density of the material.
[0004] For example, Coriolis-type mass flowmeters are based on the Coriolis effect, in which material flowing through
a rotating conduit is effected by a Coriolis force and therefore experiences 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 experienced 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.
[0005] WO 2004/011894 A1 discloses a precise pressure measurement by vibrating an oval conduit along different
cross-sectional axes. A conduit, with geometry designed to enhance pressure sensitivity, is vibrated at resonance in
two modes along different cross-sectional axes. Measuring the change in the frequency ratio-squared of the mode yields
a substantially linear relationship to pressure that is substantially immune to other material properties and other envi-
ronmental factors. Moments of inertia in different cross-sectional axes are related to pressure as a result of the elliptical
or oval cross section of the conduit. Furthermore, the cited document discloses to use the same sensor for density
measurements. Calculating the density is based on simple averaging of frequencies of vibration parallel to major axes
of conduit.
[0006] US 2003/0212509 A1 discloses start-up and operational techniques for a digital flowmeter. The techniques
select an optimal mode of operation for the digital flowmeter, depending on a current environment of the flowmeter. For
example, during a start-up operation of flowmeter, the mode of operation might include a random sequence mode, in
which filtered, random frequencies are applied as a drive signal to a flow tube associated with the digital flowmeter.
Once the flow tube reaches a resonant mode of vibration, the digital flowmeter may transition to a positive feedback
mode, in which a sensor signal representing a motion of the flow tube is fed back to the flow tube as a drive signal, as
part of a feedback loop. Once an oscillation of the flow tube is achieved and analysed, a digital synthesis mode of
operation may be implemented, in which the analysed sensor signals are used to synthesize the drive signal. In either
the positive feedback mode or the digital synthesis mode, the digital flowmeter may revert to a previous mode to regain
stable and desired oscillation of the flow tube, such as might be required during a recovery operation associated with a
disturbance to an operation of the digital flowmeter. The cited reference stays silent with respect to detailed and improved
calculation of the density of a fluid being determined from frequencies of vibration.

Summary

[0007] It is the objective technical problem to be solved by the invention to provide an improved flowmeter transmitter
as well as a corresponding method and a flowmeter itself that allow for an improved determination of the density of the
fluid. The object of the invention is solved by the independent claims.
[0008] According to a first aspect, the invention is directed to a flowmeter transmitter comprising at least one processing
device and a storage device configured to store instructions for causing the at least one processing device to: induce
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 vibration having a corresponding first frequency of vibration and the second mode of vibration having a corre-
sponding second frequency of vibration, wherein the conduit contains a fluid; determine the first frequency of vibration;
determine the second frequency of vibration; and calculate the density of fluid based on the first frequency of vibration
and the second frequency of vibration. The flowmeter transmitter is characterized in that the density of the fluid is
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calculated using  where ω1 is the first frequency, ω2 is the second

frequency, and D2, D4, E2 and E4 are calibration constants related to physical properties of the conduit.

[0009] According to a second aspect, the invention concerns a method comprising the following steps:

Inducing 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 vibration having a corresponding first frequency of vibration and the second mode of
vibration having a corresponding second frequency of vibration, wherein the conduit contains a fluid;
determining the first frequency of vibration;
determining the second frequency of vibration; and
calculating the density of the fluid based on the first frequency of vibration and the second frequency of vibration.

The method is characterized by using  for the calculation, where

ω1 is the first frequency, ω2 is the second frequency, and D2, D4, E2 and E4 are calibration constants related to
physical properties of the conduit.

[0010] According to a third aspect, the invention is directed to a flowmeter. The flowmeter comprises a vibratable
conduit, the conduit containing a fluid. The flowmeter further comprises a driver configured to impart motion to the conduit
such that the conduit oscillates in a first mode of vibration and a second mode of vibration, the first mode of vibration
having a corresponding first frequency of vibration and the second mode of vibration having a corresponding second
frequency of vibration. The flowmeter further comprises a sensor configured to sense the motion of the conduit and to
generate a sensor signal. The flowmeter also comprises a controller to receive the sensor signal. The controller is
configured to determine the first frequency of vibration, to determine the second frequency of vibration, and to calculate
the density of the fluid based on the first frequency of vibration and the second frequency of vibration. The flowmeter is

characterized in that the density of the fluid is calculated using 

where ω1 is the first frequency, w2 is the second frequency, and D2, D4, E2 and E4 are calibration constants related to
physical properties of the conduit.

DESCRIPTION OF DRAWINGS

[0011]

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 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. 8 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

[0012] Types of flowmeters include digital flowmeters. For example, U.S. Patent 6,311,136 discloses the use of a
digital flowmeter and related technology including signal processing and measurement techniques. Such digital flowm-
eters 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 settings. For example, commonly-assigned U.S. Patent 6,505,519 discloses the use of a
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wide gain range, and/or the use of negative gain, to prevent stalling and to more accurately exercise control of the
flowtube, even during difficult conditions such as two-phase flow (e.g., a flow containing mixture of liquid and gas).
[0013] 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 implementations discussed herein. Thus, in the following
discussion, 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.
[0014] FIG. 1A is an illustration of a digital flowmeter using 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 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. Patent 6,311,136.
[0015] 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 advantages/disadvantages relative to the bent flowtube 102. For
example, the straight flowtube 106 may be easier to (completely) 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, 300-1,000Hz. 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.
[0016] 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 programmable logic or gate arrays,
or programmable logic with a processor core. It should be understood that, as described in 6,311,136, associated digital-
to-analog converters 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.
[0017] 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.
[0018] 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.
[0019] 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 communication with the transmitter 104, and is connected
to the flowtube 215 so as to be operable to sense a pressure of a material flowing through the flowtube 215.
[0020] It should be understood that both the pressure of the fluid entering the flowtube 215 and the pressure drop
across relevant points on the flowtube may be indicators of certain 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 calibrations. Also, some flowtubes use multiple
temperature sensors for the purpose of correcting measurements for an effect of differential temperature between the
process fluid and the environment (e.g., a case temperature of a housing of the flowtube or a temperature of the flowtube
itself). For example, two temperature sensors may be used, one for the fluid temperature and one for the flowtube
temperature, and the difference between the two may be used to compensate density and/or mass flow calculations as
described below.
[0021] In FIG. 2, it should be understood that the various components of the 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
understood 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
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215 based on sensor signals from sensors 205 and to measure the phase between the sensor signals from sensors 205.
[0022] The digital transmitter 104 includes a (bulk) density measurement 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 general, 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.
[0023] Referring to FIG. 3, a process 300, which may be implemented by the digital transmitter 104, may be used to
calculate 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 210 may 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.
[0024] Generally, 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 of Coriolis forces cause a
movement in the second ’Coriolis mode’. Thus, the first mode of vibration may correspond to the ’Coriolis mode,’ and
the second mode of vibration may correspond to the ’driven mode.’ Alternatively, the first mode of vibration may correspond
to the ’driven mode,’ and the second mode of vibration may correspond to the ’Coriolis mode.’ The frequency of vibration
in the Coriolis mode may be referred to as the Coriolis mode 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 characteristics 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 correspond to the first mode of vibration.
[0025] The process 300 also includes determining the first frequency of vibration (304) and the second frequency of
vibration (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 of operation, which may allow the Coriolis mode frequency to be observed
using the sensor signals from the sensors attached to the flowtube. Also, continuous estimation of the Coriolis frequency
may be performed by analysis of the sensor signals.
[0026] Another manner of determining the Coriolis mode frequency may include the experimental characterization of
the flowtube. This may be done to produce a generalized expression 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.
[0027] 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 ω1 is the Coriolis
mode frequency and ω2 is the driven mode frequency: 

[0028] Process 300 also includes calculating the density of the fluid contained in the flowtube 215 based on the first
and second frequencies (308). 



EP 1 989 517 B1

6

5

10

15

20

25

30

35

40

45

50

55

[0029] The density is calculated from the determined frequencies of vibration using, the following equation (described
further below): 

where D2, D4, E2, and E4 are calibration constants, ω1 is the Coriolis mode frequency, and ω2 is the driven mode
frequency. Additionally, the above density equation is independent of mass flow rate, thus it gives an accurate density
calculation regardless of variations in mass flow rate.
[0030] Referring to FIG. 4, a process 400, which may be implemented by the digital transmitter 104, may be used to
determine a property of the fluid contained in the flowtube 215 based on two separate temperature measurements that
represent a temperature differential. The presence of a 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 tem-
perature measurements. As a result, the property may be compensated for at least one of the variation of the first
frequency with temperature or the variation of the second frequency with temperature.
[0031] 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 of the flow tube that are in contact with the fluid contained in the flow tube. One of the temperatures may influence
the frequency 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 frequency may be more influenced by the temperature of the flowtube body. The temperature that affects the
frequency of a particular mode of vibration may be referred to as the "mode significant temperature." The effects of the
temperature differential 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.
[0032] 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 of vibration 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 of
vibration each have corresponding frequencies of vibration, 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.
[0033] 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, T2, may influence the driven mode of vibration. As
mentioned above, measurement of the mode significant temperatures may not be possible, but they may be approximated
by other temperatures. For example, the mode significant temperatures may be approximated by a linear combination
of the measured temperature of the fluid, Tf, contained in the flowtube 215 and the ambient temperature or flowtube
temperature, Tm. The following equation shows a relationship between the mode significant temperatures, T1 and T2,
the temperature of the fluid contained in the flowtube 215, Tf, and the flowtube temperature, Tm: 
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[0034] 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 of the environment of the flowtube 215, such as the case temperature
of a housing of the 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 flowtbe 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.
[0035] The process 400 also includes determining a property of the fluid contained in the flowtube 215 based on the
first and second temperatures (408). The property of the fluid is one that depends on at least one frequency of vibration,
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 property 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 of the density may be affected by changes in the driven mode frequency that
result from temperature 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 D2 and D4, which are functions of the stiffness, dimen-
sions, and enclosed volume of the flowtube 215: 

[0036] As described below with respect to FIG. 5, the density calibration constants, D2 and D4, 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.
[0037] In another example, mass flow rate of the 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 com-
pensated for the presence of the temperature differential, may be determined using the following equations (described
further below): 

[0038] 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.
[0039] Referring to FIG. 5, a process 500, which may be implemented by digital transmitter 104, may be used for
determining 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 differential between the two. The process
500 includes generating an augmented flowtube body temperature, Tm* (502). As indicated by the following equation,
the augmented temperature Tm* may be calculated from the measured temperature of the flowtube 215, Tm, the tem-
perature of the fluid, Tf, and an empirically determined constant that is specific to the flowtube 215, ktd2: 

[0040] The process 500 also includes generating temperature-compensated density calibration constants, D2 and D4,
based on the augmented temperature (504). The calibration constants D2 and D4 may be temperature compensated
using the following equations, where T0 is a reference temperature and C and D are flowtube specific constants:
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[0041] Using the temperature-compensated density calibration constants, the density of the fluid may be computed
(506). For instance, the density may be computed based on the density equation described with respect to FIG. 4: 

[0042] The temperature-compensated density calibration constants, D2 and D4, may enable compensation of the
density calculation for the presence of the temperature differential.
[0043] Although the above density equation depends on the driven mode frequency, ω2, other implementations are
possible. For example, the Coriolis mode frequency may be used to determine 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 E2 and E4 are temperature compensated, similarly to constants D2 and D4: 

[0044] More specifically, in this implementation the augmented temperature,  may be based on the fluid temper-

ature rather than the temperature of the flowtube 215, as shown by the following equation: 

[0045] The density calibration constants associated with the Coriolis mode frequency, E2 and E4, are then compensated
using the augmented fluid temperature to account for the presence of a temperature differential. For example, the
calibration constants may be compensated based on the following equations, where E and F are flowtube specific
constants: 

[0046] In addition to compensating the density determination for the presence of a temperature differential, the density
determination may additionally be compensated for the effects of mass flow rate on the frequencies using the following
equation: 

[0047] In the above equation, the calibration constants D2, D4, E2, and E4 are the temperature-compensated calibration
constants discussed above, ω1 is the Coriolis mode frequency, and ω2 is the driven mode frequency. Because the
temperature-compensated calibration constants compensate the density determination for the presence of a temperature
differential, the above equation enables determination of density compensated for the effect of the temperature differential
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on the frequencies and the effect of mass flow rate on the frequencies.
[0048] Referring to FIG. 6, a process 600, which may be implemented by the digital transmitter 104, may be used for
determining the mass flow rate based on the two temperatures determined, for instance, in process 400. In particular,
process 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 mraw (602). The raw mass flow rate may be determined
using the following equation, where ω20 is the driven mode frequency at zero flow, ω10 is the Coriolis mode frequency
at zero flow, and ϕ is the phase difference as measured between the two sensor signals from sensors 205: 

[0049] The above equation determines mraw, which is the mass flow rate of the fluid, but this mass flow rate is not
compensated to account for the presence of the temperature differential.
[0050] The process 600 also includes compensating the raw mass flow rate determined above for the presence of the
temperature differential (604) using the two temperatures. The compensated mass flow rate may be determined using
the following equation, where mraw is the value determined in (602), β1 is a basic temperature compensation constant,
T1 is a temperature that is representative of the Coriolis mode, T0 is a reference temperature, ktd is a constant that is
specific to the flowtube 215, Tf is the temperature of the fluid in the flowtube 215, and Tm is the temperature of the
flowtube 215: 

[0051] Additionally, the mass flow rate may be compensated for both the effects of mass flow rate and the temperature
differential on the frequencies by using the following equation (described further below) to compute mraw in (602). 

[0052] The results may then be used to determine the temperature compensated mass flow rate, mtcomp. Determining
mraw in this manner and then using it to compute mtcomp 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.
[0053] Referring to FIG. 7, a process 700, which may be implemented 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 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 conditions, this ratio may not be a fixed amount. Therefore, it may be desirable to calculate the quantity based on
observed conditions, such as the driven mode frequency and the phase difference, and then use the calculated quantity
to determine the property.
[0054] The process 700 begins by inducing motion in the flowtube 215 such that the conduit oscillates in a first mode
of vibration and a second mode of vibration (702). The first mode of vibration may have a frequency of vibration that
corresponds to the Coriolis mode frequency. The second mode of vibration may have a frequency that corresponds to
the driven mode frequency. The process 700 also includes determining at least one of the first frequency of vibration or
the second frequency of vibration (704). The process 700 further includes determining a phase difference between the
motion of the flowtube 215 at a first point along the flowtube 215 and the motion of the flowtube 215 at a second point
along the flowtube 215 (706). The motion at the first and second point may be measured, for example, using the motion
sensors 205 described above with respect to FIG. 2.
[0055] The process 700 also includes determining a quantity based on the determined frequency (e.g., the driven
mode frequency) and the phase difference (708). The quantity includes a ratio between the first frequency during a zero-
flow condition and the second frequency during a zero-flow condition, such as the quantity shown on the left-hand side

·
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·
· ·
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of the following equation: 

[0056] 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 215. In particular, ω2 is the second frequency, ω10 is
the first frequency during the zero-flow condition, ω20 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 ϕ is the phase difference.
[0057] The process 700 also includes determining a property of the fluid based on the quantity (710). For example,
the property of the fluid may be mass flow rate, as shown by the following equation: 

[0058] In the above equation, ω1 is the first frequency, ω2 is the second frequency, ω10 is the first frequency during a
zero-flow condition, ω20 is the second frequency during the zero-flow condition, k and km are calibration constants related
to physical properties of the conduit, and ϕ is the phase difference.
[0059] In another example, the property of the fluid may be the density of the fluid, as shown by the following equation
where ω1 is the first frequency, ω2 is the second frequency, and D2, D4, E2, and E4 are calibration constants related to
physical properties of the conduit:

[0060] The rest of this disclosure provides an analytical explanation 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.
[0061] 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 of Coriolis forces
cause a movement in the second ’Coriolis mode’. Also as explained above, the Coriolis mode may be the first mode of
vibration, and the driven mode may be the first mode of vibration. 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’. Furthermore 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

[0062] In the following analysis a simple straight sided rectangular 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
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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.
[0063] FIG. 8 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 l/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 Coriolis acceleration experienced by an
element of mass δm = ρAδl of fluid with density ρ 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 flowtube has two
independent modes of rotation 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 of vibration.
[0064] 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.
[0065] 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 

where Ix and Iz are moments of inertia about their respective axes, where θ and ϕ are shown in Fig. 8. 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.
[0066] For the small deflections considered, C and K are positive constants defining the effective damping and spring
stiffness opposing the motion.
[0067] Taking Laplace transforms and substituting 

we obtain the following form of the equations of motion 

[0068] The response of the system may be expressed as two second order responses with modes defined by the
solution of the characteristic equation formed from the determinant of the left-hand matrix:- 

which shows how the modes of vibration are independent when the mass flow is zero, but are coupled with non-zero
mass flow.
[0069] Equation (4) can be solved numerically for any actual values of the constants, or simple approximate solutions
are given later-but the behaviour of the roots can be illustrated with a classical root locus diagram, which is shown in
FIG. 9. 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.
[0070] With no damping, equation (4) reduces to that of steady oscillation with frequency found using s = jω such that 
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[0071] Or 

where 

[0072] If the solutions to equation (6) are ω = ω1, ω2 then it is possible to express equation (6) in factorized form:- 

[0073] by expanding and comparing coefficients of powers of ω it is clear that solutions to equation (5) have the property
(without further approximation) that 

independent of massflow, which suggests that the geometric mean of the frequencies would be a mass flow independent
frequency which could be very useful for density measurement. Also 

[0074] Exact solutions to equation (6) are given by 

[0075] Assuming that the change in frequency due to mass flow is very small, and that the natural frequencies are
distinct, equation (6) will have approximate solutions, neglecting terms in m4 and above ·
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which shows that if ω20 > ω10 then ω2 > ω20 and ω1 < ω10 and conversely if ω20 < ω10 then ω2 < ω20 and ω1 > ω10.
[0076] Now consider the flowtube driven in the second mode of vibration ω = ω2, with F2 = F1 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 - 

assuming all deflections are small, and sensors detect the linear displacement S1, S2 at their location defined by by r, h 

[0077] The phase difference ϕ between the signals will be given by

which can be rearranged to give the more familiar Coriolis mass flowmeter form 

[0078] Now 
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[0079] Given that the change in frequency is small let ω20 ≈ ω2 in the right hand term and substitute for the massflow
from equation (16) to obtain 

[0080] Or

[0081] So that equation (16) for the mass flow as a function of phase angle ϕ and frequency ω2, all other variables
assumed constant, taking into account the frequency change with mass flow can be expressed as 

[0082] Similarly 
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[0083] Which by comparison with equation (12) implies that 

[0084] Now the frequency of oscillation of the flowtube with zero flow ω20 will be a function of the fluid density ρ and
the fixed mass of the flowtube with an expression such as 

[0085] Where Mt is a constant term representing the fixed flowtube mass and dimensions, b is another constant derived
from flowtube dimensions which shows how the variable mass of the fluid contained in the flowtube may be incorporated.
[0086] So the flowtube can be calibrated to give 

[0087] Where D2,D4 are flowtube specific calibration constants, which may be further compensated for the effects of
temperature.
[0088] An estimate of the true fluid density can be obtained with 

[0089] So that the error is given by 

[0090] Note that in equation (26) D4 is negative, so that when the "Coriolis Mode" is less than the "Drive Mode" ω20,
an uncorrected density reading will under-read, for other tubes where the frequency ratio is reversed they will over-read.
Equation (20) predicts that irrespective of the magnitude of the ratio of frequencies an uncorrected massflow reading
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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 connections similar) changes sign depending on the location of the Coriolis frequency above or below
the Drive frequency.
[0091] Substituting equation (22) into equation (24) we obtain a version of equation (25) which provides a mass flow
insensitive estimate of the fluid density ρe directly from the observed flowtube drive frequency ω2 and the observed
phase angle ϕ.

[0092] Note that we can re-arrange equation (26) to give an improved estimate of the true fluid density ρ0 using the
uncorrected density estimate ρe from equation (25) 

[0093] Note also that the zero flow natural frequency of the Coriolis mode ω10 will also be a function of the true fluid
density ρ0, and in a similar manner to equation (24) may be calibrated as 

[0094] Combining equations (29) and (24) the ratio of the frequencies is given by 

[0095] Substituting an estimate for ω20 in the right hand side, based on the observed ω2 using equation (22) we obtain 

[0096] Which simplifies to

[0097] Which may be further simplified to 

^

^
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[0098] In equation (32a), ω2 is the second frequency, ω10 is the first frequency during the zero-flow condition, ω20 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 ϕ is the phase difference.
[0099] 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.
[0100] The above analysis also may be used to obtain a massflow independent measure of the fluid density based
on the observed driven frequency and the natural frequency of the Coriolis mode.
[0101] Repeating equation (9) 

[0102] 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.
[0103] 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, repeating equations (24) and (29) 

[0104] Combining (34) and (35) we may obtain an expression for the fluid density as a function of the actual frequencies
for any massflow. 

[0105] Now ω2 is the observed driven frequency of the flowtube, and ω1 is the natural frequency of the Coriolis mode
at the actual mass flowrate.
[0106] 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
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 observed phase angle/massflow. This expression could use various
multidimensional curve fitting techniques, such as look-up table, polynomial interpolation or artificial neural nets.
4. Using the analysis shown previously in this document, 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:-

Substituting 
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An expression for ω1 may be obtained as follows 

Now for a class of flowtubes where the ratio of zero mass flow frequencies are constant irrespective of the fluid
density we have 

And equation (38) reduces to 

Temperature Compensation with Multiple Temperature Measurements

[0107] 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. Implementations may compensate for this affect of the
temperature differential.
[0108] A simplified version of equation (20), ignoring the effect of mass flow on frequency, relating phase angle to
mass flow is-

[0109] Where the no-flow Coriolis and Drive mode frequencies are defined by 

[0110] 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.
[0111] A first order model approximation to these effects is 
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[0112] Where T0 is a reference temperature, T1,T2 are representative temperatures for the Coriolis and Drive vibration
modes.
[0113] For robust massflow calibration, it is useful to understand the variation with differential temperature of the ’ideally
constant’ multiplicative factor 

[0114] 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 Temperature T 

[0115] Now it may not be possible to directly measure the appropriate temperatures corresponding to the mode
significant temperatures T1, T2, but it is reasonable to assume that in steady-state both, and a flowtube measured
temperature Tm are linear combinations of the fluid temperature Tf and the ambient temperature Tα,
i.e. 

Where a,b,c are in the range 0-1.
[0116] Rearranging to eliminate the ambient temperature we obtain 
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[0117] Therefore an appropriate form of the massflow equation with temperature compensation is

[0118] Where ktd is another flowtube specific constant 

[0119] An interesting prediction from equation (50) is that this temperature difference factor changes sign depending
on whether the drive frequency is above or below the Coriolis frequency.
[0120] Note also that equation (49) includes the basic temperature compensation as a function of temperature T1. It
may be appropriate to approximate this by Tf where, by inspection, the Coriolis mode will be more influenced by fluid
temperature than flowtube body temperature Tm. 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, mraw in equation (49) may be calculated based on equation (20), and then temperature compensated.
[0121] This analysis also may be used to compensate density calculations based on the temperature difference be-
tween the fluid temperature and the flowtube temperature. A basic equation for density derived from equation (25) is 

[0122] 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

[0123] Where C and D are flowtube type specific constants obtained by careful experiments with different density
fluids with different stable ’equilibrium’ temperatures, where
T2 = T1 and D20 and D40 are base values at temperature T0.
[0124] In the presence of a temperature differential across the flowtube, the ideal temperature to use is T2, which is
assumed to be approximated by Tm but may not be able to be directly observed.
[0125] In that case, equation (47) can be rearranged to show that 
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[0126] Therefore a correction for the temperature compensation of the density measurement in the presence of tem-

perature difference may use an augmented temperature  where 

Where ktd 2 is an empirically determined constant for each flowtube type.
[0127] Therefore an algorithm for computing a density estimate in the presence of a temperature differential across
the flowtube is

a) Generate  from equation (54)

b) Generate temperature compensated D2 and D4 from equation (52) using  as an estimate of T2 

c) Use equation (51) to obtain an estimate of fluid density from the drive frequency.

[0128] Note that an analogous procedure can be applied when using the Coriolis frequency to determine the fluid

density (per, for example, the equation  the equivalent equations to (53), (54), and (55) are

[0129] In addition, the temperature difference may be compensated in addition to the compensation for the affect of
mass flow on frequency by using the temperature compensated coefficients D2, D4, E2, E4 (calculated, for example,
from equations (55) and (58)) in equation (36).

Meter Calibration and Configuration Process for Temperature and Mass Flow Rate Compensation

[0130] Referring to FIG. 10, a process 1000 calibrates and configures a flowmeter transmitter to compensate for a
temperature differential and the effect of mass flow rate on the frequency. The process 1000 includes performing an
offline calibration using the following equation to determine the coefficient Kd (1002). The coefficient Kd describes the
effect of massflow on frequency, for various massflow rates with phase angle ϕ: 
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[0131] The coefficient Kd is computed using the known zero mass flow values of the frequencies ω20 and ω10. 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 determined from no-flow air/water tests. ρe is the
density that would be observed without massflow correction, ρ0 is the true density at each point.
[0132] The process 1000 also includes performing an online compensation to account for the effects of massflow on
frequency (1004). Using the following equation, discussed above as equation (37),:

with calibration constant Kd from above to replace the combination of constants, t2 may be determined as shown in the
following equation. 

[0133] Process 1000 continues by determining the Coriolis mode frequency ω1 (1006) from the following equation: 

[0134] The density is then determined using the Coriolis mode frequency and the temperature-compensated density
coefficients (1008). For example, equation (36) is used with the temperature difference compensated density coefficients
as per equations (54) and (55), (57) and (58) to calculate the density.
[0135] The process 1000 also includes calculating the mass flow rate (1010) using the following equation, which is a
basic massflow equation: 

[0136] This is then compensated for temperature difference (1012) using the following equation, discussed above as
equation (49) 

[0137] This quantity is then compensated for the effects of massflow on frequency (1014) which gives a massflow
effect on massflow using equation (20) 

[0138] Where the new coefficient km is obtained from an offline massflow calibration procedure at the same time as
the basic calibration factor KFC2. A and ktd are assumed to be flowtube type specific temperature coefficients which are
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determined by careful temperature controlled trials on an example flowtube characteristic of the size, wall thickness and
construction material.
[0139] Additionally, linear compensation of the massflow and density readings as a function of an additional external
pressure 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.
[0140] 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 equation may be used, but additional calibration steps may
be needed to determine the calibration of the Coriolis mode frequency/density behaviour for each individual tube. Equation
(32) may be used with the various equations for compensating for the effect of mass 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 effective constants for compensation may not be feasible. An
alternative 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 produce a single ’clean’ Coriolis frequency to track. This technique
would also help to compensate for dynamic temperature change effects and the basic asymmetric effect of pressure of
the vibrating frequencies as described further below.

Compensation with Coriolis Frequency

[0141] 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 conditions) 

where ω2 is the operating drive frequency and ω1 is the Coriolis mode frequency, φ the measured phase difference. K
is a factor related to the stiffness of the flowtube and the linear dimensions that relate the observed deflection in the
Coriolis mode to mass flow.
[0142] 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 thermal 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 difference, or fluid pressure.
[0143] 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 

where the subscript 0 refers to the values at flowtube calibration conditions.
[0144] The change in frequency of oscillation with flowrate is described earlier; both the drive and the Coriolis mode
frequencies change by the same factor in opposite directions (the higher goes up, the lower down).
[0145] This change in frequencies (with true massflow) affects the massflow calibration via the same mechanism as
anything else which changes the frequencies, and results in a characteristic negative error at high flows. A simple
correction algorithm 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 temperature difference, fluid density
pressure etc.
[0146] Theory suggests the true relationship between massflow and phase angle is given by the equation 



EP 1 989 517 B1

24

5

10

15

20

25

30

35

40

45

50

55

where ω2 is the actual drive frequency and ω10 the Coriolis mode frequency at zero flow.
[0147] Applying the correction for the effect of massflow this equation becomes 

where ω20 is the equivalent zero flow drive frequency, km a flowtube specific constant. This is a convenient form as
without differential temperature or pressure effects this ratio of frequencies can often be assumed to remain constant.
[0148] Now the observed frequencies are related to these zero flow frequencies via the theoretical expression con-
sidering only the massflow effects 

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

[0149] Theoretically  where kd is the coefficient used in the massflow inde-

pendent density equation. The relationship between kd and km 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 simplified.
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 km separate also allows a degree of tuning to help match theory/ experiment.

Code Example

[0150] The following is an example of code for implementing some of the foregoing techniques in a Coriolis flowmeter
transmitter.

   /*
   double tmp;
   double my_square( double x )
   {
     return (x*x);
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  }
   /* Estimate the Coriolis mode frequency */
   double omegals( double c2, double D2, double D4, double E2, double E4)
   {
     double pd, t2;
     pd = phase_stats->getMean() ; //use a filtered version of phase difference
     t2 = flowtube_defaults.dens_McorK_fact * my_square( tan( my_pi * pd / 360.0 ) );
     tmp = my_square(E2+(E2-D2)*t2)/(E2+(D4-E4)*t2*c2)/(D2+(D4-E4)*(1.0+t2)*C2);
     return ( c2 * tmp) ;
  }
   /*
   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
   */
   double my_squareroot( double x )
   {
     if ( x<0 )
     (
      send_message("Fatal error in density correction coefficients or
   equation",1,1);
      exit (1);
    }
     return ( sqrt(x) );
  }
   void calculate_density_basic (meas_data_type * p, meas_data_type * op, int validating)
   {
     /* foxboro variables */
    double c2, Tz, z1, z2, z3, z4, z5, z6;
    /*correction variables*/
    double c1, D2, D4, E2, E4;
      Tz = p->temperature_value - 20.0;
      c2 = p->n_freq;
        c2 = (c2 * c2) / 256.0;
        p->raw_dens = (DK1 * Tz + DK2) / c2 + DK3 * Tz + DK4;
   /* Use density correction for flow method if enabled */
        if ( do_dens_corr_flow == 1 )
        {
        /* temperature correct density constants, including correction for Tdiff */
          if ( do_dens_corr_Tdiff == 1 )
            Tz += flowtube_defaults.dens_Tdiff_fact *
            ( p->temperature_value - p->fluid_temperature ) ;
          D2 = DK2 + DK1*Tz;
          D4 = DK4 + DK3*Tz;
          E2 = EK2 + EK1*Tz;
          E4 = EK4 + EK3*Tz;
          c1 = omegals( c2, D2, D4, E2, E4);
          /* Calculate density with optional offset applied by bias term*/
          p->density_value = dens_flow_bias + 0.5 *
            (
            (D4 + E4) + my_squareroot( 4.0 * D2 * E2 / (c2*c1) + my_square(D4-
   E4) )
            );
        }
        else
        {
          p->density_value = p->raw_dens;
        if (do_dens_corr_pres == 1)
        {
          p->density_value = p->density_value * (1.0 +
            flowtube_defaults.dens_pressure_fact * ( p->pressure -
   calibration_pressure ) );
        }
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  void calculate_massflow_basic (meas_data_type * p,
              meas_data_type * op, int validating)
   {
  #define sqr(x) ((x)*(x))
    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_mass flow (p, op, validating);
        return;
      }
    // Compute massflow
    // ---------------
      pd = p->phase_diff;
       /* calculate non-engineering units mass flow */
        if (amp_sv1 < 1e-6)
          noneu_mass_flow = 0.0;
        else
          noneu_mass_flow = 2.0 * tan ( my_pi * pd / 360.0 ); // latest 2*tan
   (phase/2) option
        // convert to engineering units
        Tz = p->temperature_value - 20.0;
        p->raw_mass = 200.0 * flow_factor * 16.0 * (FC1 * Tz + FC3 * Tz * Tz +
  FC2)
          * noneu_mass_flow / p->v_freq;
        if (do_flow_corr_flow == 1)
        {
          /* Flowtube constants */
          km = flowtube_defaults.flow_McorK_fact;
          m = tan ( my_pi * phase_stats->getMean() / 360.0 );
          p->massflow_value = p->raw_mass * (1.0 + km * m * m );
        }
        else
        {
          p->massflow_value = p->raw_mass;
        }
        if (do_flow_corr_pres == 1)
        {
          p->massflow_value = p->massflow_value *
            ( 1.0 + flowtube_defaults.flow_preasure_fact *
            ( p->pressure - calibration_pressure ) );
        }
   /* mass flow compensation for temperature difference */
        if (do_flow_corr_Tdiff == 1)
        {
          p->massflow_value = p->massflow_value *
            ( 1.0 + flowtube_defaults.flow_Tdiff_fact *
            ( p->temperature_value - p->fluid_temperature ) );
        }

[0151] A number of implementations have been described. Nevertheless, it will be understood that various modifications
may be made. Accordingly, other implementations are within the scope of the following claims.

Claims

1. Flowmeter transmitter (104) comprising:
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at least one processing device; and
a storage device, configured to store instructions for causing the at least one processing device to:

induce motion (302) 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 having a corresponding first frequency of vibration and the
second mode of vibration having a corresponding second frequency of vibration, wherein the conduit con-
tains a fluid;
determine (304) the first frequency of vibration;
determine (306) the second frequency of vibration; and
calculate (308) the density of the fluid based on the first frequency of vibration and the second frequency
of vibration

characterized in that the density of the fluid is calculated using 

where ω1 is the first frequency, ω2 is the second frequency, and D2, D4, E2, and E4 are calibration constants related
to physical properties of the conduit.

2. Transmitter according to claim 1, further storing instructions for causing the at least one processing device to:

determine a first temperature and a second temperature; and
determined the calibration constants based on the first and second temperatures such that the calculation of
the density is compensated for the affect of a differential between the first temperature and the second temper-
ature.

3. Transmitter according to any of the precedings claims, further storing instructions for causing the at least one
processing device to determine the first frequency and the second frequency based on a sensor signal.

4. Transmitter according to any of the precedings claim, further storing instructions for causing the at least one process-
ing device to:

determine physical properties associated with the conduit;
determine an expression associated with one of the first frequency or the second frequency based on the
physical properties; and
use the expression to determine one of the first frequency or the second frequency.

5. Transmitter according to any of the precedings claims, wherein the first frequency is determined based on the second
frequency by calculating: 

where ω1 is the first frequency, ω2 is the second frequency,  where ϕ is the phase difference k,

D2, D4, E2, and E4 are calibration constants related to physical properties of the conduit.

6. Transmitter according to any of the precedings claims, wherein the first mode is a Coriolis mode, and the second
mode is a driven mode.

7. Method comprising:
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inducing motion (302) 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 having a corresponding first frequency of vibration and the second
mode of vibration having a corresponding second frequency of vibration, wherein the conduit contains a fluid;
determining (304) the first frequency of vibration;
determining (306) the second frequency of vibration; and
calculating (308) the density of the fluid based on the first frequency of vibration and the second frequency of
vibration,

characterized by using  for the calculation, where ω1 is the first

frequency, ω2 is the second frequency, and D2, D4, E2, and E4 are calibration constants related to physical properties

of the conduit

8. Method according to claim 7 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 signal.

9. Method according to any of claims 7 to 8 further comprising:

determining physical properties associated with the conduit;
determining an expression associated with one of the first frequency or the second frequency based on the
physical properties; and
using the expression to determine one of the first frequency or the second frequency.

10. Method according to any of claims 7 to 9 further comprising:

determining a first temperature and a second temperature; and
determining the calibration constants based on the first and second temperatures such that the calculation of
the density is compensated for the affect of a differential between the first temperature and the second temper-
ature.

11. Method according to any of claims 7 to 10, wherein the first frequency is determined based on the second frequency
by calculating: 

where ω1 the first frequency, ω2 is the second frequency,  where ϕ is the phase difference k, D2,

D4, E2, and E4 are calibration constants related to physical properties of the conduit.

12. Method according to any of claims 7 to 11 wherein the first mode is a Coriolis mode, and the second mode is a
driven mode.

13. Flowmeter (200) comprising:

a vibratable conduit (215), the conduit containing a fluid;
a driver (210) configured to impart motion to the conduit (215) such that the conduit (215) oscillates in a first
mode of vibration and a second mode of vibration, the first mode of vibration having a corresponding first
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frequency of vibration and the second mode of vibration having a corresponding second frequency of vibration;
a sensor (205) configured to sense the motion of the conduit (215) and generate a sensor signal; and
a controller to receive the sensor signal and configured to:

determine (304) the first frequency of vibration,
determine (306) the second frequency of vibration, and
calculate (308) the density of the fluid based on the first frequency of vibration and the second frequency
of vibration

characterized in that the density of the fluid is calculated using 

where ω1 is the first frequency, ω2 is the second frequency, and D2, D4, E2, and E4 are calibration constants related
to physical properties of the conduit.

14. Flowmeter according to claim 13 further comprising:

a first temperature sensor configured to determine a first temperature;
a second temperature sensor configured to determine a second temperature; and
wherein the controller is further configured to:

determine the calibration constants based on the first and second temperatures such that the calculation
of the density is compensated for the affect of a differential between the first temperature and the second
temperature.

Patentansprüche

1. Durchflussmesser-Sender (104), umfassend:

mindestens eine Verarbeitungseinrichtung; und
eine Speichereinrichtung, die so gestaltet ist, dass sie Anweisungen speichert, damit die mindestens eine
Verarbeitungseinrichtung veranlasst:

eine Belegung in einer Leitung zu erzeugen (302), so dass die Leitung in einem ersten Vibrationsmodus
und einem zweien Vibrationsmodus schwing, wobei der erste Vibrationsmodus eine entsprechende erste
Vibrationsfrequenz hat und der zweite Vibrationsmodus eine entsprechende zweite Vibrationsfrequenz hat,
wobei die Leitung ein Fluid enthält;
die erste Vibrationsfrequenz zu bestimmen (304);
die zweite Vibrationsfrequenz zu bestimmen (306); und
die Fluiddichte auf der Grundlage der ersten Vibrationsfrequenz und der zweiten Vibrationsfrequenz zu
berechnen (308),

dadurch gekennzeichnet, dass die Fluiddichte mittels 

 berechnet wird, worin ω1 die erste Frequenz ist, ω2 die zweite Frequenz ist und D2, D4, E2 und E4 Kalibrierungs-
konstanten im Zusammenhang mit physikalischen Eigenschaften der Leitung sind.
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2. Sender nach Anspruch 1, weiter Anweisungen speichernd, um zu veranlassen, dass die mindestens eine Verar-
beitungseinrichtung:

eine erste Temperatur und eine zweite Temperatur bestimmt; und
die Kalibrierungskonstanten auf der Grundlage der ersten und zweien Temperatur bestimmt, so dass die Be-
rechnung der Dichte den Einfluss eines Unterschieds wischen der ersten Temperatur und der zweien Temperatur
kompensiert.

3. Sender nach einem der vorhergehenden Ansprüche, weiter Anweisungen speichernd, um zu veranlassen, dass die
mindestens eine Verarbeitungseinrichtung die erste Frequenz und die zweite Frequenz auf der Grundlage eines
Sensorsignals bestimmt.

4. Sender nach einem der vorhergehenden Ansprüche, weiter Anweisungen speichernd, um zu veranlassen, dass die
mindestens eine Verarbeitungseinrichtung:

physikalische Eigenschaften in Verbindung mit der Leitung bestimmt;
einen Ausdruck in Verbindung mit der ersten Frequenz oder der zweiten Frequenz auf der Grundlage der
physikalischen Eigenschaften bestimmt; und
den Ausdruck verwendet, um die erste Frequenz oder die zweite Frequenz zu bestimmen.

5. Sender nach einem der vorhergehenden Ansprüche, wobei die erste Frequenz auf der Grundlage der zweiten
Frequenz bestimmt wird, indem: 

berechnet wird, worin ω1 die erste Frequenz ist, ω2 die zweite Frequenz ist,  worin ϕ die Pha-

sendifferenz k ist, D2, D4, E2 und E4 Kalibrierungskonstanten im Zusammenhang mit physikalischen Eigenschaften

der Leitung sind.

6. Sender nach einem der vorhergehenden Ansprüche, wobei der erste Modus ein Coriolismodus ist und der zweite
Modus ein gesteuerter Modus ist.

7. Verfahren, umfassend:

Veranlassen einer Bewegung (302) in einer Leitung, so dass die Leitung in einem ersten Vibrationsmodus und
einem zweiten Vibrationsmodus schwingt, wobei der erste Vibrationsmodus eine entsprechende erste Vibra-
tionsfrequenz hat und der zweite Vibrationsmodus eine entsprechende zweite Vibrationsfrequenz hat, wobei
die Leitung ein Fluid enthält;
Bestimmen (304) der ersten Vibrationsfrequenz;
Bestimmen (306) der zweiten Vibrationsfrequenz; und
Berechnen (308) der Fluiddichte auf der Grundlage der ersten Vibrationsfrequenz und der zweiten Vibrations-
frequenz,

gekennzeichnet durch das Verwenden von 

für die Berechnung, worin ω1 die erste Frequenz ist, ω2 die zweite Frequenz ist und D2, D4, E2 und E4 Kalibrierungs-
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konstanten im Zusammenhang mit den physikalischen Eigenschaften der Leitung sind.

8. Verfahren nach Anspruch 7, weiter umfassend:

Empfangen mindestens eines Signals von einem Sensor, der so gestaltet ist, dass er die Schwindung der
Leitung überwacht; und
wobei das Bestimmen der ersten Frequenz und der zweiten Frequenz das Bestimmen der ersten Frequenz
und der zweiten Frequenz auf der Grundlage des mindestens einen Sensorsignals umfasst.

9. Verfahren nach einem der Ansprüche 7 bis 8, weiter umfassend:

Bestimmen der physikalischen Eigenschaften in Verbindung mit der Leitung;
Bestimmen eines Ausdrucks in Verbindung mit der ersten Frequenz oder der zweiten Frequenz auf der Grund-
lage der physikalischen Eigenschaften; und
Verwenden des Ausdrucks, um die erste Frequenz oder die zweite Frequenz zu bestimmen.

10. Verfahren nach einem der Ansprüche 7 bis 9, weiter umfassend:

Bestimmen einer ersten Temperatur und einer zweiten Temperatur; und
Bestimmen der Kalibrierungskonstanten auf der Grundlage der ersten und zweiten Temperatur, so dass die
Berechnung der Dichte den Einfluss eines Unterschieds zwischen der ersten Temperatur und der zweiten
Temperatur kompensiert.

11. Verfahren nach einem der Ansprüche 7 bis 10, wobei die erste Frequenz auf der Grundlage der zweiten Frequenz
durch Berechnen von: 

bestimmt wird, worin ω1 die erste Frequenz ist, ω2 die zweite Frequenz ist,  worin ϕ die Pha-

sendifferenz k ist, D2, D4, E2 und E4 Kalibrierungskonstanten im Zusammenhang mit physikalischen Eigenschaften

der Leitung sind.

12. Verfahren nach einem der Ansprüche 7 bis 11, wobei der erste Modus ein Coriolis-Modus ist und der zweite Modus
ein gesteuerter Modus ist.

13. Durchflussmesser (200) umfassend:

eine schwingungsfähige Leitung (215), wobei die Leitung ein Fluid enthält;
eine Antriebseinrichtung (210), die so gestaltet ist, dass sie der Leitung (215) eine Belegung verleiht, so dass
die Leitung (215) in einem ersten Vibrationsmodus und einem zweiten Vibrationsmodus schwingt, wobei der
erste Vibrationsmodus eine entsprechende erste Vibrationsfrequenz hat und der zweite Vibrationsmodus eine
entsprechende zweite Vibrationsfrequenz hat;
einen Sensor (205), der so gestaltet ist, dass er die Bewegung der Leitung (215) fühlt und ein Sensorsignal
erzeugt; und
eine Steuereinheit zum Empfangen des Sensorsignals, die so gestaltet ist, dass:

die erste Vibrationsfrequenz bestimmt wird (304),
die zweite Vibrationsfrequenz bestimmt wird (306), und
die Fluiddichte auf der Grundlage der ersten Vibrationsfrequenz und der zweiten Vibrationsfrequenz be-
rechnet wird,
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dadurch gekennzeichnet, dass die Fluiddichte mittels 

berechnet wird, worin ω1 die erste Frequenz ist, ω2 die zweite Frequenz ist und D2, D4, E2 und E4 Kalibrierungs-
konstanten im Zusammenhang mit physikalischen Eigenschaften der Leitung sind.

14. Durchflussmesser nach Anspruch 13, weiter umfassend:

einen ersten Temperatursensor, der so gestaltet ist, dass er eine erste Temperatur bestimmt;
einen zweiten Temperaturmesser, der so gestaltet ist, dass er eine zweite Temperatur bestimmt; und
wobei die Steuereinheit weiter so gestaltet ist, dass sie:

die Kalibrierungskonstanten auf der Grundlage der ersten und zweiten Temperatur bestimmt, so dass die
Berechnung der Dichte den Einfluss eines Unterschieds zwischen der ersten Temperatur und der zweiten
Temperatur kompensiert.

Revendications

1. Émetteur de débitmètre (104) comprenant :

au moins un dispositif de traitement ; et
un dispositif de stockage, configuré pour stocker des instructions pour amener ledit au moins un dispositif de
traitement à :

induire un mouvement (302) dans un conduit, de telle sorte que le conduit oscille dans un premier mode
de vibration et un second mode de vibration, le premier mode de vibration ayant une première fréquence
de vibration correspondante, et le second mode de vibration ayant une seconde fréquence de vibration
correspondante, le conduit contenant un fluide ;
déterminer (304) la première fréquence de vibration ;
déterminer (306) la seconde fréquence de vibration ; et
calculer (308) la densité du fluide en se basant sur la première fréquence de vibration et sur la seconde
fréquence de vibration

caractérisé en ce que la densité du fluide est calculée en utilisant 

dans laquelle ω1 est la première fréquence, ω2 est la seconde fréquence, et D2, D4, E2, et E4 sont des constantes
de calibrage en relation avec des propriétés physiques du conduit.

2. Émetteur selon la revendication 1, stockant en outre des instructions pour amener ledit au moins un dispositif de
traitement à :

déterminer une première température et une seconde température ; et
déterminer les constantes de calibrage sur la base de la première et de la seconde température, de telle sorte
que le calcul de la densité est compensé pour l’effet d’une différentielle entre la première température et la
seconde température.

3. Émetteur selon l’une quelconque des revendications précédentes, stockant en outre des instructions pour amener
ledit au moins un dispositif de traitement à déterminer la première fréquence et la seconde fréquence en se basant
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sur un signal de capteur.

4. Émetteur selon l’une quelconque des revendications précédentes, stockant en outre des instructions pour amener
ledit au moins un dispositif de traitement à :

déterminer des propriétés physiques associées avec le conduit ;
déterminer une expression associée avec un une fréquence parmi la première fréquence ou la seconde fré-
quence sur la base des propriétés physiques ; et
utiliser l’expression pour déterminer une fréquence parmi la première fréquence ou la seconde fréquence.

5. Émetteur selon l’une quelconque des revendications précédentes, dans lequel la première fréquence est déterminée
sur la base de la seconde fréquence en calculant : 

dans laquelle ω1 est la première fréquence, ω2 est la seconde fréquence, t2 = k tan2 (ϕ/2) où ϕ est la différence de
phase, et k, D2, D4, E2 et E4 sont des constantes de calibrage en relation avec des propriétés physiques du conduit.

6. Émetteur selon l’une quelconque des revendications précédentes, dans lequel le premier mode est un mode de
Coriolis, et le second mode est un mode entraîné.

7. Procédé comprenant les étapes consistant à :

induire un mouvement (302) dans un conduit de telle façon que le conduit oscille dans un premier mode de
vibration et un second mode de vibration, le premier mode de vibration ayant une première fréquence de
vibration correspondante et le second mode de vibration ayant une seconde fréquence de vibration correspon-
dante, dans lequel le conduit contient un fluide ;
déterminer (304) la première fréquence de vibration ;
déterminer (306) la seconde fréquence de vibration ; et
calculer (308) la densité du fluide en se basant sur la première fréquence de vibration et sur la seconde fréquence
de vibration,

caractérisé en ce que l’on utilise 

pour le calcul,
dans laquelle ω1 et la première fréquence, ω2 est la seconde fréquence, et D2, D4, E2 et E4 sont des constantes de
calibrage en relation avec les propriétés physiques du conduit.

8. Procédé selon la revendication 7, comprenant en outre :

l’étape consistant à recevoir au moins un signal depuis un capteur configuré pour surveiller l’oscillation du
conduit ; et
dans lequel la détermination de la première fréquence et de la seconde fréquence inclut la détermination de la
première fréquence et de la seconde fréquence en se basant sur ledit au moins un signal de capteur.

9. Procédé selon l’une quelconque des revendications 7 à 8, comprenant en outre les étapes consistant à :

déterminer des propriétés physiques associées avec le conduit ;
déterminer une expression associée avec une fréquence parmi la première fréquence ou la seconde fréquence
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sur la base des propriétés physiques ; et
utiliser l’expression pour déterminer une fréquence parmi la première fréquence ou la seconde fréquence.

10. Procédé selon l’une quelconque des revendications 7 à 9, comprenant en outre les étapes consistant à :

déterminer une première température et une seconde température ; et
déterminer les constantes de calibrage sur la base de la première et de la seconde température, de telle sorte
que le calcul de la densité est compensé pour l’effet d’une différentielle entre la première température et la
seconde température.

11. Procédé selon l’une quelconque des revendications 7 à 10,
dans lequel la première fréquence est déterminée sur la base de la seconde fréquence en calculant 

dans laquelle ω1 est la première fréquence, ω2 est la seconde fréquence, t2 = k tan2 (ϕ/2) où ϕ est la différence de
phase et k, D2, D4, E2 et E4 sont des constantes de calibrage en relation avec les propriétés physiques du conduit.

12. Procédé selon l’une quelconque des revendications 7 à 11,
dans lequel le premier mode est un mode de Coriolis, et le second mode est un mode entraîné.

13. Débitmètre (200) comprenant :
un conduit susceptible de vibrer (215), le conduit contenant un fluide ;
un élément d’entraînement (210) configuré pour imposer un mouvement au conduit (215) de telle façon que le
conduit (215) oscille dans un premier mode de vibration et dans un second mode de vibration, le premier mode de
vibration ayant une première fréquence de vibration correspondante et le second mode de vibration ayant une
seconde fréquence de vibration correspondante ;
un capteur (205) configuré pour détecter le mouvement du conduit (215) et générer un signal de capteur ; et
un contrôleur pour recevoir le signal de capteur, et configuré pour :

- déterminer (304) la première fréquence de vibration,
- déterminer (306) la seconde fréquence de vibration, et
- calculer (308) la densité du fluide sur la base de la première fréquence de vibration et de la seconde fréquence
de vibration, caractérisé en ce que la densité du fluide est calculée en utilisant

dans laquelle ω1 est la première fréquence, ω2 est seconde fréquence, et D2, D4, E2, et E4 sont des constantes
de calibrage en relation avec des propriétés physiques du conduit.

14. Débitmètre selon la revendication 13, comprenant en outre :

un premier capteur de température configuré pour déterminer une première température ;
un second capteur de température configuré pour déterminer une seconde température ; et
dans lequel le contrôleur est en outre configuré pour :

déterminer les constantes de calibrage sur la base de la première et de la seconde température, de telle
sorte que le calcul de la densité est compensé pour l’effet d’une différentielle entre la première température
et la seconde température.
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