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Description

FIELD OF INVENTION

[0001] The present invention relates generally to flow-
meters and more specifically to Coriolis flowmeters.

BACKGROUND

[0002] Various different flowmeters are used in indus-
try to provide information about the flow rate of mul-
tiphase fluids. The fluids that are metered can include
mixtures of liquids and gases. This situation is commonly
encountered in the oil and gas industry, where the fluids
produced are commonly a mixture of oil, water, and gas.
However, the need to meter multiphase fluids also occurs
in other industries as well. Flowmeters are also important
in applications that do not involve multiphase fluids.
[0003] One type of flowmeter is a Coriolis flowmeter.
A Coriolis flowmeter includes an electronic transmitter
and a vibratable flowtube through which fluid to be me-
tered can be passed. The transmitter maintains flowtube
vibration by sending a drive signal to one or more drivers
and performs measurement calculations based on sig-
nals from a pair of sensors that measure movement of
the flowtube. The physics of the device dictate that Co-
riolis forces act along a section of the flowtube between
the sensors, resulting in a phase difference between the
generally sinusoidal sensor signals. This phase differ-
ence is generally proportional to the mass flow rate of
the fluid passing through the measurement section of the
flowtube. Thus, the phase difference provides a basis for
a mass flow measurement of fluid flowing through the
flowtube. The frequency of oscillation of the flowtube of
a Coriolis meter varies with the density of the process
fluid in the flowtube. The frequency value can be extract-
ed from the sensor signals so that the density of the fluid
can also be obtained by analyzing the sensor signals.
[0004] Coriolis meters are widely used throughout var-
ious different industries. The direct measurement of
mass flow is frequently preferred over volumetric-based
metering, for whereas the density and/or volume of a
material may vary with temperature and/or pressure,
mass is unaffected. This is particularly important in the
oil and gas industry, where energy content and hence
product value is a function of mass. The term ’Net Oil’ is
used in the oil and gas industry to describe the oil flow
rate within a three-phase or a liquid (oil/water) stream. A
common objective in the oil and gas industry is to deter-
mine the net oil produced by each well in a plurality of
wells because this information can be important when
making decisions affecting production from an oil and
gas field and/or for optimizing production from an oil and
gas field.
[0005] The inclusion of gas in a liquid stream introduc-
es errors in the mass flow and density measurements of
a Coriolis meter. Laboratory trials can be used to char-
acterize how mass flow rate and density errors relate to

other parameters, such as the observed flow rate and
observed reduction in density from that of the pure fluid.
These trials can be used to develop empirical models
that provide corrections to account for some of the error
associated with the presence of multiphase fluids includ-
ing gas and liquid phases. These empirically-based cor-
rections can result in improved performance of Coriolis
meters in field operations. Additional details concerning
use of Coriolis meter to meter multiphase fluids are pro-
vided in U.S. Patent Nos. 6,311,136; 6,505,519;
6,950,760; 7,059,199; 7, 313, 488; 7, 617, 055; and 8,
892, 371.
[0006] In many conventional Coriolis meters the fre-
quency of oscillation of the flowtube is calculated by
measuring the time between zero crossings on the sen-
sor signals. Fourier techniques are commonly used to
calculate the amplitude and phase of the flowtube vibra-
tion. For example, Fig. 1 illustrates a quadrature tech-
nique that has been used in many conventional Coriolis
meters. In this technique, the sensor signals are multi-
plied by a quadrature sine wave and also a quadrature
cosine wave. The quadrature products are integrated
over a cycle (the length of which is based on the frequen-
cy calculation) to yield Is for the integral obtained by in-
tegrating the sine product and Ic for the integral obtained
by integrating the cosine product. The phase of each sen-
sor signal is calculated as the arctan of (Ic/Is). The am-
plitude of each sensor signal is calculated as the square
root of (Is2 + Ic2). The calculated frequency and phase
provide the basis for measuring density of the fluid and
mass flow rate. As the density of the fluid increases, the
frequency of the sensor signal will decrease. Also, the
difference in the phase of the two sensor signals will in-
crease as the mass flow rate increases. In some Coriolis
meters, the calculated frequency, amplitude, and phase
are further used to generate a synthesized drive signal
that is used to drive oscillation of the flowtube.
[0007] Because the frequency of the flowtube changes
(e.g., in response to changes in the density of the fluid
flowing through the flowtube), the time between zero
crossings and the calculated frequency also changes
during operation of the meter. Consequently, convention-
al Coriolis meters update the values for the sine and co-
sine functions each new cycle, or in some cases every
half cycle. For example, the values for the quadrature
functions are commonly recalculated each half cycle us-
ing the new calculated frequency based on the latest zero
crossings. Also, when the beginning and end of each
cycle are constrained to be at zero crossings, as in the
technique illustrated in Fig. 1, there are no updates to
the frequency, amplitude, or phase at intermediate points
between the zero crossings. A Coriolis flow meter where-
in the frequency of a pickoff signal is determined by
sweeping the frequency through a given range by a signal
processor, is discussed in US 2014/0190238 A1.
[0008] The present inventor has made various im-
provements, which will be described in detail below, ap-
plicable to the field of Coriolis flowmeters and applicable
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to the field of net oil and gas testing.

SUMMARY

[0009] One aspect of the invention is a Coriolis flowm-
eter having a conduit configured to convey a fluid through
the flowmeter, a driver configured to oscillate the conduit,
a first sensor configured to generate a first sensor signal
indicative of movement of the conduit at a first location,
a second sensor configured to generate a second sensor
signal indicative of movement of the conduit at a second
location. The first and second locations are arranged so
a phase difference between the first and second signals
when the conduit is oscillated by the driver is related to
a mass flow rate of the fluid through the flowmeter. The
Coriolis meter has a digital signal processor configured
to detect the phase difference and determine the mass
flow rate of the fluid using the detected phase difference
and output a signal indicative of the determined mass
flow rate. The digital signal processor includes a plurality
of detectors tuned to a set of different frequencies. The
detectors are configured to analyze the first sensor signal
in parallel and generate an output indicative of how close-
ly an actual frequency of the first sensor signal matches
the frequency to which the respective detector is tuned.
[0010] Another aspect of the invention is a method of
driving oscillation of a conduit of a Coriolis flowmeter of
the type including a conduit configured to convey a fluid
through the flowmeter, a driver configured to oscillate the
conduit, a first sensor configured to generate a first sen-
sor signal indicative of movement of the conduit at a first
location, a second sensor configured to generate a sec-
ond sensor signal indicative of movement of the conduit
at a second location, the first and second locations being
arranged so a phase difference between the first and
second signals when the conduit is oscillated by the driver
is related to a mass flow rate of the fluid through the
flowmeter. The method includes using a plurality of de-
tectors tuned to a set of different frequencies to analyze
the first sensor signal in parallel and generate outputs
indicative of how closely an actual frequency of the first
sensor signal matches the frequency to which the re-
spective detector is tuned. The driver is supplied with a
drive signal including a frequency based on an estimated
frequency determined using the outputs from the detec-
tors.
[0011] Other objects and features will be in part appar-
ent and in part pointed out hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012]

FIG. 1 is a schematic diagram illustrating a prior art
technique for analyzing sensor signals in a Coriolis
meter;
FIG. 2 is a perspective of one embodiment of a Co-
riolis flowmeter;

FIG. 3 is a side elevation of the Coriolis flowmeter
shown in Fig. 2;
FIG. 4 is a schematic diagram of the Coriolis flowm-
eter;
FIG. 5 is a schematic diagram illustrating a detector
bank for processing a signal from one or more of the
sensors of the Coriolis meter;
FIGS. 6 and 7 are graphs showing frequency and
amplitude estimates, along with a frequency fit fac-
tor, for each detector in a detector bank analyzing
signals at 73.2 Hz and 82.56 Hz, respectively;
FIG. 8 is a schematic diagram illustrating one em-
bodiment of oscillation of the conduits of the Coriolis
meter in two different bending modes;
FIG. 9 is a schematic diagram illustrating one em-
bodiment of a processor that separates the frequen-
cy content of a first bending mode from the frequency
content of a second bending mode;
FIG. 10 is a graph illustrating a relationship between
a ratio of drive mode density measurements to Co-
riolis mode density measurements and density drop;
FIG. 11 is a schematic diagram of one embodiment
of a system that uses a time correlation technique
to improve measurements during two phase flow;
FIG. 12 is a graph illustrating a 0.5 s delay in the
mass flow rate measurements from meters in the
system of Fig. 11;
FIGS. 13-16 are graphs illustrating response of the
Coriolis meter to a simulated frequency sweep;
FIGS. 17-21 are graphs illustrating improve re-
sponse of the Coriolis meter to a simulated frequency
sweep after compensation;
FIGS. 22-26 are graphs illustrating response of the
Coriolis meter to a simulated sweep of frequency,
amplitude, and phase difference;
FIG. 27 shows the response of the Coriolis meter to
a step change in frequency from 100 Hz to 85 Hz;
FIG. 28 shows the response of the Coriolis meter to
a step change in the amplitude from 0.3 V to 0.05 V;
FIG. 29 shows the response to a step change in the
phase difference from zero degrees to 4 degrees;
FIGS. 30-35 show the response to a signal that has
a steady frequency of 100 Hz, a steady phase dif-
ference of 1 degree, and an amplitude that cycles
between 0.2V and 0.3V at a frequency of 10Hz; and
FIGS. 36-38 show tracking of the frequency, ampli-
tude, and phase difference in response to a simulat-
ed signal having characteristics similar to those ex-
pected during two-phase flow.

[0013] Corresponding reference numbers indicate cor-
responding parts through the drawings.

DETAILED DESCRIPTION

[0014] One embodiment of a Coriolis flowmeter, gen-
erally designated 215, is illustrated in FIGS. 2 and 3. The
flowmeter 215 includes one or more conduits 18, 20 (also
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referred to as a flowtube), one or more drivers 46a, 46b
for driving oscillation of the conduit(s), and a pair of mo-
tion sensors 48a, 48b that generate signals indicative of
the oscillation of the conduit(s). In the illustrated embod-
iment, there are two conduits 18, 20 two drivers 46a, 46b
and two motion sensors 48a, 48b and the drivers and
motions sensors are positioned between the conduits so
each driver and motion sensor is operable for both of the
conduits. It is understood however that a Coriolis flowm-
eter may have only a single conduit and/or may have a
single driver. It is also understood the conduit(s) may
have different configurations than the conduits 18, 20 in
the illustrated embodiment.
[0015] As illustrated in FIGS. 2 and 3, the flowmeter
215 is designed to be inserted in a pipeline (not shown)
having a small section removed or reserved to make
room for the flowmeter. The flowmeter 215 includes
mounting flanges 12 for connection to the pipeline, and
a central manifold block 16 supporting the two parallel
planar conduit loops 18 and 20 which are oriented per-
pendicularly to the pipeline. The drivers 46a, 46b and
sensors 48a, 48b are attached between each end of
loops 18 and 20. The drivers 46a, 46b on opposite ends
of the loops 18, 20 are energized by a digital controller
(not shown) with current of equal magnitude but opposite
sign (i.e., currents that are 180° out-of-phase) to cause
straight sections 26 of the loops 18, 20 to rotate about
their co-planar perpendicular bisector 56 (FIG. 2). Re-
peatedly reversing (e.g., controlling sinusoidally) the en-
ergizing current supplied to the drivers 46a, 46b causes
each straight section 26 to undergo oscillatory motion
that sweeps out a bow tie shape in the horizontal plane
about the axis 56 of symmetry of the loops. The entire
lateral excursion of the loops 18, 20 at the lower rounded
turns 38 and 40 is small, on the order of 1/16 of an inch
for a two foot long straight section 26 of a pipe having a
one inch diameter. The frequency of oscillation is typically
about 70 to 110 Hertz, although this can vary depending
on the size and configuration of the flowtube(s).
[0016] The sensors 48a, 48b are positioned to detect
movement of the flowtube at different locations on the
flowtube and output sensor signals indicative of the de-
tected movement. As will be understood by those skilled
in the art, the Coriolis effect induces a phase difference
between the two sensors 48a, 48b that is generally pro-
portional to mass flow rate. Also, the resonant frequency
of the loops 18, 20 will vary as a function of density of
the fluid flowing therethrough. Thus, the mass flow rate
and density can be measured by analyzing the signals
from the sensors 48a, 48b. The Coriolis meter 215 has
a processor 101 (Fig. 3) configured to receive the sensor
signals from the sensors 48a, 48b, determine a phase
difference between the sensor signals, and use the de-
termined phase difference to determine a fluid flow rate
through the flowtube. The processor 101 is also config-
ured to determine a frequency of one or more of the sen-
sor signals and use the determined frequency to deter-
mine a density of the fluid in the flowtube.

[0017] Various corrections can be applied to the basic
measurements resulting from the phase difference be-
tween the signals from the sensors 48a, 48b and the
frequency. For example, multiphase flow introduces
highly variable damping on the flowtube, up to three or-
ders of magnitude higher than in single phase conditions.
In addition, the mass flow and density measurements
generated under multiphase flow conditions are subject
to large systematic and random errors, for which correc-
tion algorithms can be defined and implemented by the
processor 101. Further details concerning operation of
Coriolis flowmeters are provided in U.S. Patent Nos.:
6,311,136; 6,505,519; 6,950,760; 7,059,199; 7,188,534;
7,614,312; 7, 660, 681; and 7, 617, 055.
[0018] Referring to Fig. 4 the processor 101 of the Co-
riolis flowmeter 215 is suitably a transmitter that is con-
figured to receive signals from the sensors 48a, 48b and
in some case other instruments (e.g., a pressure and/or
temperature sensor), use the received signals to deter-
mine mass flow rate and/or density of the fluid in the
flowtube as well as generate suitable drive signals for
the drivers 46a, 46b, and output measurement and diag-
nostic information (e.g., to a distributed control system).
As will be explained in more detail below, the transmitter
101 suitably processes the sensor signals in a manner
that is different from conventional Coriolis meters.
[0019] The transmitter 101 suitably includes inputs for
receiving analog signals from the sensors 48a, 48b, a
pressure sensor 54 positioned to measure line pressure
of the fluid, and a temperature sensor 52 positioned to
measure the temperature of the fluid. The transmitter 101
suitably converts the analog signals, including specifical-
ly the analog signals from the sensors 48a, 48b to digital
signals. Various combinations of hardware and software
can be used to digitize the signals. For example, a field
programmable gate array (FPGA) is suitably used to dig-
itize the samples. Suitable FPGAs having the speed and
power required to perform the techniques described
herein are commercially available from Xilinx Inc., such
as the Zynq 7010, Zynq 7015, Zynq 7020, Zynq 7030,
Zynq 7035, Zynq 7045, or Zynq 7100, all of which are
system-on-a-chip (SoC) devices that combine an FPGA
with additional integrated circuits that provide additional
processing power on the same chip. Although the precise
specifications may vary within the scope of the invention,
typical characteristics of these SoCs include ARM® Dual
Core Cortex, 866 MHz to 1 GHz, 1066 to 1333 Mb/s
DDR3, 28k to 444k LC FPGA fabric, 80 to 2020 DSP
slices, and 6.25 to 12.5 GB/s transceivers. It is noted that
although the Zynq products listed above use ARM® ar-
chitecture, it is possible to use other architectures without
departing from the scope of the invention. Likewise, the
product specifications can vary from those listed above
without departing from the scope of the invention.
[0020] As illustrated in Fig. 5, the processor 101 in-
cludes a plurality of detectors 121 (sometimes referred
to as a detector bank) configured to analyze one of the
sensor signals in parallel using a set of assumed frequen-
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cies that include a plurality of frequencies that are differ-
ent from one another. The assumed frequencies are suit-
ably selected to fall within a range of frequencies corre-
sponding to the highest and lowest expected frequencies
of the primary bending mode of flowtube oscillation. The
frequency range of various vibrational modes of the flow-
tube will vary depending on physical attributes of the flow-
tube. To provide just one example, a suitable frequency
range for the frequencies in the set of assumed frequen-
cies is about 70 Hz to about 110 Hz, which is a range
covering all of the expected frequencies of the driven
mode of the Coriolis meter illustrated in Figs. 2 and 3.
[0021] The detectors 121 can take various forms within
the broad scope of the invention. In the embodiment il-
lustrated in Fig. 5, for example, a suitable detector 121
generally includes a buffer 123, a waveform analyzer 125
that analyzes the signal using a tuned frequency, and a
frequency fit evaluator 127 that assess how close the
tuned frequency is to the actual frequency and outputs
a fitness factor that is used to pick one or more detectors
having assumed frequencies that are close to the current
actual frequency.
[0022] The buffer 123 suitably includes a circular buffer
configured to store the most recent n samples from the
sensor signal. The number of samples n stored in the
circular buffer 123 varies as a function of the tuned fre-
quency and the sampling rate. For example, the length
of the sample string stored in the circular buffer suitably
corresponds to length of one cycle at the tuned frequen-
cy, in which case n is equal to the sampling rate divided
by the tuned frequency for the respective detector. Thus,
the size of each buffer 123 expressed as the number of
digital samples that can be stored therein is suitably se-
lected to tune the respective detector to a particular tuned
frequency. Using the example from above in which the
assumed frequencies are in the range of about 70 Hz to
about 110 Hz in combination with a sampling rate of about
49.9 kHz, the circular buffers 123 are configured to hold
between 714 samples (70 Hz) and 454 samples (110
Hz). For example, the detectors 121 can suitably include
a detector having a circular buffer 123 that holds every
possible integer number of samples between the number
of samples for the shortest sample string (corresponding
to the highest frequency in the frequency range) and the
longest sample string (corresponding to the lowest fre-
quency in the frequency range). In the example above,
this corresponds to 260 different detectors 121 having
circular buffers 123 configured to store sample strings
having every integer value between 454 and 714. A large
number of detectors 121 operating at many different as-
sumed frequencies that are closely spaced to one anoth-
er may be desirable from the standpoint of accuracy, but
it is understood that fewer detectors can be used within
the scope of the invention (e.g., the number of samples
that can be stored in each circular buffer 123 may in-
crease by n+2, n+3, n+4, and so on) if preferred.
[0023] The detectors 121 suitably include a waveform
analyzer 125 that calculates the phase and amplitude of

the sensor signal using the tuned frequency. The wave-
form analyzers 125 suitably use a quadrature technique
to calculate the phase and amplitude. For example, the
waveform analyzers 125 suitably multiply the sensor sig-
nal by quadrature functions generated at the tuned fre-
quency, obtain Is and Ic integrals by integrating the prod-
ucts, and use the equations Φ = arctan of (Ic/Is) to calcu-
late the phase(Φ) and A = square root of (Is2 + Ic2) to
calculate the amplitude(A). The tuned frequency of each
detector 121 is static during operation of the meter 215.
Accordingly, the waveform analyzer 125 for each partic-
ular detector 121 is suitably configured to use static sine
and cosine values for the quadrature functions. For ex-
ample, the sine and cosine values used by each detector
121 can be stored in a lookup table. The waveform an-
alyzers 125 suitably avoid generating new values for the
quadrature functions during operation of the meter 215.
[0024] The detectors 121 are configured to analyze the
sensor signal based on an assumption that the tuned
frequency is the actual frequency of the sensor signal.
The detectors 121 operate continuously even when the
frequency of flowtube oscillation is substantially different
from the tuned frequency for the respective detector.
Thus, the amplitude and phase calculated by some or
even most of the detectors 121 will be of minimal to no
value because of the large difference between the tuned
frequency for that detector and the actual frequency.
However, one or more of the detectors 121 will have a
tuned frequency that is relatively close to the actual fre-
quency of the sensor signal.
[0025] The detectors are configured to assess how
close their tuned frequency is to the actual frequency of
the sensor signal based on an analysis of a waveform of
the first sensor signal represented by the digital samples
stored in the buffer. The closeness, which may be ex-
pressed as a frequency fit factor, is suitably output by the
detector for use by the processor in identifying one or
more detectors for which the tuned frequency is close to
the actual frequency. Alternatively, the processor may
evaluate the detectors and calculate the frequency fit fac-
tor for each detector within the scope of the invention.
There are various ways to detect how close the tuned
frequency of a detector is to the actual frequency. For
example, the detectors are suitably configured to use a
difference between phase calculations at different times
to assess how close the tuned frequency is to the current
actual frequency. When the tuned frequency of a partic-
ular waveform analyzer is close to the actual frequency
of the sensor signal, the phase calculated previously at
the time the oldest sample in the circular buffer was the
newest sample will be about equal to the phase calcu-
lated after the newest sample was added to the buffer.
The detectors are suitably configured to store previous
phase calculations so they can be compared to more
recent phase calculations. In general, the detectors are
configured to assess how close the assumed frequencies
are to the current actual frequency by comparing one or
more stored phase values (e.g., phase values from a full
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cycle ago, half cycle ago, quarter cycle ago, or multiples
thereof) to corresponding expected phase values that
would exist if the tuned frequency equals the actual fre-
quency. In general, the previous phase estimate corre-
sponds to a time t at which there is an expected relation
between the current phase estimate and the previous
phase estimate, wherein the expected relation is based
on a relation between t and the period of an ideal wave-
form having the frequency to which the detector is tuned,
and the analysis comprises comparing an actual relation
between the current phase estimate and the previous
phase estimate to the expected relation between the cur-
rent phase estimate and the previous phase estimate.
[0026] Figures 6 and 7 further illustrate operation of
the detectors 121. Figure 6 illustrates operation of the
detectors 121 when they are used to process a signal
having a frequency of 73.2 Hz and an amplitude of 0.3
V. Each of the detectors calculates a frequency (upper
graph), amplitude (middle graph) and, frequency fit factor
(lower graph), which in this case is the difference between
the current phase value and the stored phase value from
when the oldest sample in the buffer 123 was the newest
sample in the buffer. Several of the detectors 121 (e.g.,
those tuned to between about 100 Hz and 105 Hz) pro-
duce frequency estimates that deviate substantially from
the actual frequency of 73.2 Hz. Several other detectors
121 (e.g., those tuned to below about 87.5 Hz, and es-
pecially those tuned to about 85 Hz and also those tuned
to less than about 75 Hz) produce frequency estimates
that are fairly close to the actual frequency. However,
detectors 121 tuned to about 73.2 Hz produce estimated
frequencies (based on calculations of the waveform an-
alyzer) that are close to the frequency to which they are
tuned. Also, as illustrated in the middle graph, only those
detectors tuned to about 73.2 Hz produced an amplitude
estimate that was close to the actual amplitude of 0.3 V.
Further, the frequency fit factor (i.e., the difference be-
tween the current phase value and the stored phase val-
ue from one cycle ago at the tuned frequency) is best (in
this case closest to zero) for the detector 121 that is tuned
to about 72.3 Hz. Thus, the output from the waveform
analyzer 123 of the detector 121 having the best fit factor
is a good estimate of the actual frequency, phase, and
amplitude of the signal. Another factor that can be used
by the processor 101 to identify the best detectors 121
is that the calculated frequencies produced by the best
detectors are close to the frequencies to which the de-
tectors are tuned. Also, Figs. 6 and 7 show the frequency
detector outputs at just one instant in time. It is possible
that some of the detectors that are not close to the actual
frequency may temporarily appear to produce outputs
that have low error (see e.g., the frequency detectors at
about 85 Hz for the frequency calculation in Fig. 6). How-
ever, for frequency detectors that are not close to the
actual frequency, the outputs can vary in a relatively short
amount of time. In contrast, the error level for detectors
that are close to the actual frequency will generally be
more stable over time than those that are not close to

the actual frequency, while also being low in magnitude.
This characteristic can also be included in the criteria for
selecting frequency detectors that are close to the actual
frequency and/or as a cross-check to confirm suitable
frequency detectors are being selected as the frequency
detectors that are close to the actual frequency.
[0027] Figure 7 is similar except the frequency of the
signal has been changed to 82.56 Hz. Here again, the
frequency detectors 121 having the best fit factors (e.g.,
those tuned to about 82.56 Hz) provide accurate esti-
mates for signal amplitude and accurate frequency cal-
culations. Moreover, the calculated frequencies from the
detectors tuned to about 82.56 Hz are about equal to the
frequencies to which those detectors again. Thus, the fit
factor provides a basis to identify detectors that are tuned
to frequencies that are close to the actual frequency of
the signal.
[0028] The processor 101 suitably uses the calculated
phase and amplitude, as well as the tuned frequency,
from one or more detectors 121 that are tuned to fre-
quencies close to the actual frequency (e.g., based on
the frequency fitness factor and other criteria described
above) to determine the frequency, phase, and amplitude
of the actual sensor signal. If desired, the processor 101
can suitably be configured to pick the detector 121 tuned
to a frequency that is closest to the current actual fre-
quency (e.g., by identifying the detector for which the
difference between the current phase calculation and the
stored phase calculation from the time the oldest sample
in the buffer was the newest sample in the buffer is the
closest to zero) and use the tuned frequency, along with
the phase and amplitude calculated by the closest de-
tector, as the best measure of the frequency, phase, and
amplitude.
[0029] However, the actual frequency will most com-
monly be between two of the assumed frequencies. Only
rarely will there be a really close match between any of
the assumed frequencies and the actual frequency.
Moreover, as the actual frequency changes there will
necessarily be times when the actual frequency is mid-
way between the two closest assumed frequencies.
Thus, the processor is suitably configured to use inter-
polation (e.g., quadratic interpolation) to improve the val-
ues obtained for the frequency, phase, and amplitude of
the sensor signal. This can be used to reduce the ampli-
tude error from about 10-3 V to about 10-6 V.
[0030] The values obtained by the processor 101 for
the frequency, phase, and amplitude from the best fit
detectors 121 are suitably used to measure the density
and/or mass flow rate of fluid flowing through the meter.
These values for frequency, phase, and amplitude are
also suitably used to generate a drive signal supplied to
one or more of the drivers 46a, 46b to oscillate the con-
duit.
[0031] The processing techniques described herein
provide several different advantages compared to con-
vention Coriolis meters. In contrast to conventional Co-
riolis meter frequency tracking, the flowmeter 215 de-
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scribed herein does not rely on zero crossings to track
frequency. This improves frequency tracking and accu-
racy of the flowmeter 215 for at least several reasons.
The portion of the sensor signal adjacent a zero crossing
is less accurate that other portions of the sensor signal
because low amplitude data points are more susceptible
to noise, especially during multiphase flow. Also, the con-
ventional reliance on zero crossings uses only a small
portion of the sensor signal to track frequency. Moreover,
the quadrature functions used to determine amplitude
and phase of the sensor signals are based on the esti-
mated frequency so errors in the estimated frequency
cause errors in the amplitude and phase determinations.
[0032] Another limitation of the conventional zero
crossing technique is that there can be no more than two
measurements per cycle because of the need to wait for
a zero crossing. In the case of a 100 Hz sensor signal,
this means there is a need to wait 5ms for each update.
This can be a significant delay, especially during mul-
tiphase flow.
[0033] In contrast to the conventional zero crossing
techniques, the processing techniques described herein
for the Coriolis meter 215 makes use of the higher-am-
plitude portions of the sensor signal in addition to the
lower-amplitude portions of the sensor signal to track the
frequency. Thus, the frequency tracking by the Coriolis
meter 215 is less susceptible to noise. Also, it is not nec-
essary to wait for a zero crossing to perform an update.
Instead, updates can be performed multiple times during
each half-cycle. If desired, updates can be performed
with each new incoming digital sample. Thus, it is possi-
ble to perform several hundred updates per cycle. The
ability to perform updates at this rate allows much better
frequency tracking, especially during multiphase flow.
[0034] The description above illustrates how to use a
single bank of detectors 121 to process the first sensor
signal. The same bank of detectors 121 can also be con-
figured to process the second sensor signal in the same
way. Likewise, the same bank of detectors 121 can also
be used to process a third signal based on the first and
second sensor signals (e.g., a weighted sum of the first
and second sensor signals, a difference between the first
and second sensor signals, and/or other combinations
of the first and second sensor signals) in the same way.
It can be desirable in some cases to obtain a single fre-
quency estimate using only one of the available signals
and then uses this frequency to calculate the amplitude
and phase of the signals. For example, it can be desirable
to use the frequency estimate obtained from the com-
bined sensor signal as the frequency estimate and base
the amplitude and phase calculations for the first and
second sensor signals on that frequency. Signals based
on a combination of the first and second sensor signals
can provide the best estimate of frequency because of
reduced noise in the combined signal. The circular buff-
ers 123 suitably store all of the signals to be analyzed by
the detector bank 121 and the signals are analyzed in
parallel by the detector bank. The processor is configured

to use the at least one of the frequency estimates (e.g.,
best frequency based on analysis of the combined sensor
signal) to determine the density of the fluid flowing
through the conduit. Likewise, the processor is suitably
configured to use the phase data from the first and sec-
ond sensor signals to determine a phase difference and
a mass flow rate through the conduit based on the phase
difference.
[0035] Alternatively, the Coriolis meter 215 suitably in-
cludes one or more additional detector banks, suitably
substantially identical to the detector bank described
above. The additional detector banks are used to process
the second sensor signal and combined sensor signal in
substantially the same way, as described above. The
processor 101 is suitably configured to use one or more
of the frequency values from the detector banks to de-
termine the density of the fluid flowing through the con-
duit. Likewise, the processor 101 is suitably configured
to use the phase data from the first and second sensor
signals to determine the mass flow rate of fluid through
the conduit.

Driving the conduit in two modes at same time

[0036] The Coriolis meter 215 is optionally configured
to drive the conduit 18, 20 in two different modes at the
same time. Conventional Coriolis meters oscillate their
conduits in two different bending modes during operation.
Referring to Fig. 8 in a traditional Coriolis meter, the con-
duit is driven to oscillate in one mode (commonly referred
to as the "driven mode") and the forces associated with
the Coriolis effect as fluid flows through the oscillating
Conduit excite a secondary oscillation in a different bend-
ing mode (commonly referred to as the "Coriolis mode").
It is recognized that the detector bank processing de-
scribed above could be used to drive the conduits 18, 20
to oscillate in both bending modes at the same time. This
may be desirable to exert greater control over the oscil-
lation of the conduit 18, 20, which can result in better
tacking of the drive signals during difficult operating con-
ditions, such as during multi-phase flow, and more accu-
rate measurements.
[0037] As illustrated schematically in Fig. 9, the proc-
essor 101 suitably includes one or more filters 151 con-
figured to separate the frequency content 153 of the sen-
sor signal at the first bending mode (e.g., the traditional
driven mode) from the frequency content of the sensor
signal at the second bending mode 155 (e.g., what is
traditionally referred to as the Coriolis mode). The portion
of the signal containing the frequency of the "driven
mode" is processed by a detector bank 121 substantially
as indicated above. The processor 101 includes a second
detector bank 121’ that is configured to process the por-
tion of the signal containing the "Coriolis mode." The de-
tector bank 121’ for the Coriolis mode can be substantially
identical to the detector bank described above except
that the frequency range of the second detector 121’ bank
may need to be adjusted (e.g., by selecting circular buff-
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ers having different sizes) to optimize the second detec-
tor bank for the different frequency content of the Coriolis
mode.
[0038] The processor 101 suitably uses the frequency,
phase, and amplitude values obtained from the first and
second detector banks 121, 121’ to determine the mass
flow rate and density of fluid flowing through the conduit.
The additional information about the frequency, phase,
and amplitude of the oscillation at the "Coriolis mode"
can provide additional inputs (e.g., for neural networks
or empirical models) that may yield more accurate den-
sity and mass flow measurements.
[0039] Alternatively, it may be possible to compute ad-
ditional mass flow rate and/or density measurements di-
rectly from the frequency, phase, and/or amplitude val-
ues obtained from the detector bank that analyzes the
"Coriolis mode" frequency content and average or oth-
erwise combine these measurements with other meas-
urements to achieve improved results. For example, just
as forces associated with the Coriolis effect distort the
oscillation in the driven mode to produce a phase differ-
ence, there will also be forces associated with the Coriolis
effect that can distort the oscillation in the Coriolis mode
that produces a second phase difference. The processor
is suitably configured to detect the phase difference as-
sociated with the "driven mode" and the phase difference
associated with the "Coriolis mode" and to use both
phase differences to determine the mass flow rate.
[0040] Figure 10 is a graph illustrating the ratio of a
density calculated using the "driven mode" frequency, as
described above, to the density calculated using the "Co-
riolis mode" frequency, also as described above, as a
function of the density drop (which can be associated
with onset of two-phase flow) at various flow rates ranging
from 0.5 kg/s to 3.0 kg/s. There is a substantially linear
relationship in this ratio from about 0 to about 30 percent
density drop and especially from about 0 to about 20
percent density drop. This indicates that the ratio of the
drive mode density to the Coriolis mode density can be
correlated with the onset of two-phase flow. This provides
just one example of how the processor 101 can use
measurements from the "driven mode" in combination
with measurements from the "Coriolis mode" to derive
relationships that can improve accuracy and other per-
formance criteria.
[0041] The processor 101 also suitably has a drive sig-
nal generator configured to output a drive signal to one
or more drivers 46s, 46b that includes a first component
153 selected to drive oscillation of the conduit at the first
frequency (e.g., at the frequency of the "driven mode")
and a second component 155 selected to drive oscillation
of the conduit at the second frequency (e.g., at the fre-
quency of the "Coriolis mode"). Moreover, the drive signal
generator is suitably configured to combine the first and
second components concurrently with one another so
the driver(s) drive(s) the conduit in the first bending mode
(e.g., "driven mode") and in the second bending mode
(e.g., Coriolis mode) at the same time. For example, the

Coriolis meter 215 described herein has two drivers 46a,
46, and the drive signal generator is suitably configured
to supply a dual mode drive signal to each of the drivers.
For the driven mode in the case of a Coriolis meter having
two drivers, the drive signals need to be out-of-phase
with one another. However, for driving in the so-called
Coriolis mode, the drive signals should be in phase. Thus,
using d1 to refer the component of the drive signal that
corresponds to the driven mode and d2 to refer to the
part of the drive signal corresponding to the Coriolis
mode, the processor 101 is suitably configured to supply
one of the drivers with a signal comprising d1 + d2 and
to supply the other driver with a signal comprising -d1 +
d2. Alternatively, a dual mode drive signal may be sup-
plied to just one of the two drivers without departing from
the scope of the invention. Also, a Coriolis meter having
only a single driver may be driven in two bending modes
at the same time using the techniques described herein.
[0042] Because the Coriolis meter 215 drives the con-
duit 18, 20 in the "driven mode" and also in the "Coriolis
mode," the motion of the conduit can be more precisely
controlled, especially during difficult operating condi-
tions. The processor 101 suitably controls the amplitude
of the oscillations in both bending modes at the same
time. For example, the drive signal is suitably adjusted
to control the amplitude of the conduit 18, 20 in the first
and second vibrational bending modes using a PID con-
trol. A suitable PID control has two inputs (one for am-
plitude of oscillation in each bending mode) and two out-
puts (one for drive level for each bending mode). The
PID control suitably selects drive levels to maintain the
amplitudes of oscillation in the two different bending
modes at respective setpoints. The drive levels can be
adjusted independently of one another as may be nec-
essary to maintain the oscillation in each bending mode
at its desired level.

Measurements based on time correlation between two 
meters

[0043] The Coriolis meter 215 described above, or one
like it, can be combined with another Coriolis meter 215’
to produce a system 171 for metering flow of a multiphase
fluid based on a time correlation between measurements
of the two Coriolis meters. As illustrated in Fig. 11, first
and second Coriolis meters 215, 215’ which in this em-
bodiment are substantially identical to one another and
to the Coriolis meter 215 described above are installed
at different locations in the same pipeline 181. Each of
the Coriolis meters 215, 215’ outputs a time-varying mass
flow rate measurement of fluid flowing through the re-
spective meter and a time-varying density measurement
of fluid flowing through the respective meter. A processor
183 suitably includes a correlator that compares at least
one of the time-varying mass flow rate measurements
and the time-varying density measurements from the first
Coriolis meter 215 with the respective time-varying mass
flow rate or time-varying density measurements from the
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second Coriolis meter 215’ and determines a time delay
between corresponding measurements. For example,
Fig. 12 shows a 0.5 s delay in corresponding parts of the
time-varying mass flow rate measurements from the me-
ters 215, 215’. The processor 183 uses the determined
time delay to derive an estimated velocity of a component
of the multiphase flow in the pipe 181.
[0044] The measurement system 171 corrects at least
one of the mass flow rate and density measurements
using the estimated velocity. For example, the system
171 suitably uses the estimated velocity to characterize
slip between a gas phase and a liquid phase of the mul-
tiphase fluid and to correct the mass flow and/or density
measurement as a function of the slip. In general, the
delay associated with mass flow rate measurements is
related to the liquid phase velocity while the delay asso-
ciated with density measurements is associated with gas
phase velocity. The liquid phase velocity estimate can
be used to correct the mass flow rate and/or the density
measurement. The gas phase velocity can also be used
to correct the mass flow rate and/or the density meas-
urements. If desired the liquid phase velocity estimates
and the gas phase velocity estimates can be used in com-
bination to provide corrections for the mass flow rate
and/or density measurements. The corrections can be
derived in many ways, including through use of neural
networks and/or empirical models. As illustrated in Fig.
11, the system 171 suitably uses additional information
including pressure and temperature measurements from
sets 185 of pressure and temperature sensors and other
sensors 187 as inputs to determine the corrections. Also,
it can be beneficial to ensure good mixing of the two
phase flow as the fluid enters the meters 215, 215’. Thus,
the system 171 illustrated in Fig. 11 includes a flow con-
ditioner 189 adjacent and upstream from each meter 215,
215’.
[0045] The following examples involve illustrations of
how the Coriolis meter 215, and in particular the proces-
sor 101, operates using various simulated signals. The
examples illustrate robust performance under various
conditions. The examples also illustrate how various cor-
rections can be implemented to improve performance.
[0046] Figures 13-16 show operation of the processor
101 during a simplified simulation of a frequency change
corresponding to change in frequency that could be en-
countered during a transition of the conduit from empty
to full of liquid. The frequency drops from 100 Hz to 85
Hz in 0.5 s. The upper graph in Fig. 13 shows there is
one-cycle delay in the frequency response, which results
in the error in the lower graph. Figures 14 and 15 show
that there is error associated with a half-cycle delay in
the amplitude and phase difference response as well.
Figure 16 shows error in the measured signal at the start
of the change in the frequency. Moreover, Figs. 13-16
show that there are structured modulation errors in many
of the measurements associated with the rapid changes,
such as the rapid change in frequency during the fre-
quency sweep.

[0047] Figures 17-22 illustrate the improvement in the
performance of the processor 101 after making the fol-
lowing compensations. First, the dynamic response is
compensated to account for the half-cycle delay in the
amplitude and phase difference as well as the full cycle
delay in the frequency response. Another compensation
is to use quadratic extrapolation based on the last cycle
of data to improve the measurements. Further, the mod-
ulation errors are compensated. The result is that the
errors, which are represented in the lower graphs on Figs.
17-22, are lower than in the corresponding graphs for the
uncompensated example. The compensations are gen-
erally successful, but less so at the beginning and end
of the rapid transition.
[0048] Figures 22-26 illustrate the response of the
processor 101 to a simulated simultaneous change in
frequency, amplitude, and phase difference. The fre-
quency drops from 100 Hz to 85 Hz, the amplitude drops
from 0.3 V to 0.05 V, and the phase difference increases
from 0 degrees to 4 degrees, all in 0.5 s. This represents
a more realistic simulation of conditions that may be ex-
perienced during the filling of the meter with liquid, as not
only does the resonant frequency change (similar to the
drop from 100Hz to 85Hz in the simulated signals), but
increased damping on the conduit is likely to lead to a
drop in the amplitude of oscillation (similar to the drop in
amplitude from 0.3V to 0.05V in the simulated signals),
while the flowrate changes rapidly from zero to a positive
value and thereby causes an abrupt increase in the phase
difference (similar to the increase in the phase different
from 0 degrees to 4 degrees in the simulated signals).
Similar compensations to those used in Figs. 17-21 are
applied. Again, the compensations are generally suc-
cessful at minimizing error, but less so at the beginning
and end of the rapid transition period.
[0049] Figure 27 shows the response to a step change
in frequency from 100 Hz to 85 Hz. Such an instantane-
ous change is unlikely to be caused by any physical
change associated with real-life flow conditions, but sim-
ulated step changes are used to test the robustness of
the system 101 to very sudden changes. Figure 28 shows
the response to a step change in the amplitude from 0.3
V to 0.05 V. Figure 29 shows the response to a step
change in the phase difference from zero degrees to 4
degrees. The error signals in the lower graphs for Figs.
27-29 show that the errors associated with the transitions
are limited to within two cycles of the change. In contrast,
a conventional Coriolis meter processor would typically
require about 300 ms to recover from these step changes.
Thus, the tests illustrated in Figs. 27-29 demonstrate that
the system 101 is significantly more robust to sudden
changes than conventional Coriolis meters.
[0050] Figures 30-35 illustrate the response of the
processor 101 to a signal that has a steady frequency of
100 Hz and a steady phase difference of 1 degree. The
amplitude of the signal is 0.25 V +/- 0.05 V modulating
at 10 Hz, which is about 10 percent of the drive frequency.
The error signals in the lower graphs on Figs. 30-35 il-
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lustrate that tracking is generally fairly good. However,
as before, the error is highest and the beginning and end
of the period of transition and there are various smaller
modulation errors apparent in the signal throughout the
modulation of the simulated signal. It may be possible to
improve performance further by compensating for these
errors. For example, Fig. 31 shows the uncorrected am-
plitude error and Fig. 32 shows the corrected amplitude
error, which is significantly smaller.
[0051] Figures 36-38 illustrate performance of the
processor 101 during a simulation of two-phase flow. The
simulated signal has a frequency varying randomly
around 90 Hz. The amplitude varies randomly around
0.1 V. The phase difference varies randomly around 2
degrees. The measured frequency, amplitude, and
phase difference tracks well with the simulated signal.
This indicates the performance of the processor 101 to
these simulated conditions compares favorably to the
processors of existing Coriolis meters during two phase
flow.
[0052] When introducing elements of aspects of the
invention or the embodiments thereof, the articles "a,"
"an," "the," and "said" are intended to mean that there
are one or more of the elements. The terms "comprising,"
"including," and "having" are intended to be inclusive and
mean that there may be additional elements other than
the listed elements.
[0053] In view of the above, it will be seen that several
advantages of the aspects of the invention are achieved
and other advantageous results attained.
[0054] Not all of the depicted components illustrated
or described may be required. In addition, some imple-
mentations and embodiments may include additional
components. Variations in the arrangement and type of
the components may be made without departing from
the scope of the claims as set forth herein. Additional,
different or fewer components may be provided and com-
ponents may be combined. Alternatively or in addition, a
component may be implemented by several compo-
nents.
[0055] The above description illustrates the aspects of
the invention by way of example and not by way of limi-
tation. This description enables one skilled in the art to
make and use the aspects of the invention, and describes
several embodiments, adaptations, variations, alterna-
tives and uses of the aspects of the invention, including
what is presently believed to be the best mode of carrying
out the aspects of the invention. Additionally, it is to be
understood that the aspects of the invention are not lim-
ited in application to the details of construction and the
arrangement of components set forth in the following de-
scription or illustrated in the drawings. The aspects of the
invention are capable of other embodiments and of being
practiced or carried out in various ways. Also, it will be
understood that the phraseology and terminology used
herein is for the purpose of description and should not
be regarded as limiting.
[0056] Having described aspects of the invention in de-

tail, it will be apparent that modifications and variations
are possible without departing from the scope of aspects
of the invention as defined in the appended claims. It is
contemplated that various changes could be made in the
above constructions, products, and process without de-
parting from the scope of aspects of the invention. In the
preceding specification, various preferred embodiments
have been described with reference to the accompanying
drawings. It will, however, be evident that various modi-
fications and changes may be made thereto, and addi-
tional embodiments may be implemented, without de-
parting from the broader scope of the aspects of the in-
vention as set forth in the claims that follow. The speci-
fication and drawings are accordingly to be regarded in
an illustrative rather than restrictive sense.
[0057] The Abstract is provided to help the reader
quickly ascertain the nature of the technical disclosure.
It is submitted with the understanding that it will not be
used to interpret or limit the scope or meaning of the
claims.

Claims

1. A Coriolis flowmeter comprising:

a conduit configured to convey a fluid through
the flowmeter;
a driver configured to oscillate the conduit;
a first sensor configured to generate a first sen-
sor signal indicative of movement of the conduit
at a first location;
a second sensor configured to generate a sec-
ond sensor signal indicative of movement of the
conduit at a second location, the first and second
locations being arranged so a phase difference
between the first and second signals when the
conduit is oscillated by the driver is related to a
mass flow rate of the fluid through the flowmeter;
a digital signal processor configured to detect
the phase difference and determine the mass
flow rate of the fluid using the detected phase
difference and output a signal indicative of the
determined mass flow rate,
wherein the digital signal processor comprises
a plurality of detectors tuned to a set of different
frequencies, the detectors being configured to
analyze at least one of the sensor signals in par-
allel and generate an output indicative of how
closely an actual frequency of said at least one
of the sensor signals matches the frequency to
which the respective detector is tuned.

2. A Coriolis flowmeter as set forth in claim 1 wherein
each of said plurality of detectors comprises a buffer
configured to store a series of digital samples of said
at least one of the sensor signals, the series having
a number of digital samples that is selected to tune
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the respective detector to a particular frequency of
said set of different frequencies;
wherein said output indicative of how closely the ac-
tual frequency of said at least one of the sensor sig-
nals matches the frequency to which the respective
detector is tuned is optionally based on an analysis
of a waveform of said at least one of the sensor sig-
nals represented by the digital samples stored in the
buffer; and
wherein the analysis optionally comprises compar-
ing a current phase estimate for the waveform of said
at least one of the sensor signals to a previous phase
estimate for the waveform.

3. A Coriolis meter as set forth in claim 2 wherein the
previous phase estimate corresponds to a time t at
which there is an expected relation between the cur-
rent phase estimate and the previous phase esti-
mate, wherein the expected relation is based on a
relation between t and the period of an ideal wave-
form having the frequency to which the detector is
tuned, and the analysis comprises comparing an ac-
tual relation between the current phase estimate and
the previous phase estimate to the expected relation
between the current phase estimate and the previ-
ous phase estimate.

4. A Coriolis flowmeter as set forth in claim 2 wherein
the previous phase estimate for the waveform com-
prises a phase estimate from a time when a sample
currently at an end of the series of digital samples
corresponding to the oldest data was at an end of
the series of digital samples corresponding to the
newest data.

5. A Coriolis flowmeter as set forth in any one of claims
2-4 wherein the digital signal processor uses a quad-
rature analysis to obtain the phase estimates; and
wherein the detectors are optionally configured to
use static sine and cosine values to perform the
quadrature analysis.

6. A Coriolis meter as set forth in any one of claims 2-5
wherein the Coriolis flowmeter has one or both of
features (a) and (b):

(a) the buffer comprises a circular buffer; and
(b) the digital signal processor is configured to
identify detectors that are tuned to frequencies
adjacent said at least one of the sensor signals
and to use interpolation to determine a frequen-
cy measurement that is between the frequen-
cies to which the identified detectors are tuned.

7. A Coriolis flowmeter as set forth in any one of claims
1-6 wherein the Coriolis flowmeter has one or more
of features (i), (ii), and (iii):

(i) said frequency associated with said at least
one of the sensor signals corresponds to the fre-
quency of a bending mode of vibration of the
conduit;
(ii) the digital signal processor is configured to
determine a density of the fluid flowing through
the conduit using a frequency estimate deter-
mined from the detectors; and
(iii) the plurality of detectors is a first plurality of
detectors and is configured to measure a first
frequency associated with said at least one of
the sensor signals, the digital signal processor
further comprising a second plurality of detec-
tors configured to operate in parallel with one
another to measure a second frequency asso-
ciated with said at least one of the sensor sig-
nals, the second frequency being different from
the first frequency.

8. A Coriolis flowmeter as set forth in claim 7 wherein
the Coriolis flowmeter has feature (iii) and further
has one or more of features (I), (II), and (III):

(I) the first frequency corresponds to the fre-
quency of a first bending mode of the conduit
and the second frequency corresponds to the
frequency of a second bending mode of the con-
duit;
(II) the digital signal processor is configured to
determine a density of the fluid in the conduit
using the measured first and second frequen-
cies; and
(III) the digital signal processor is configured to
output a drive signal to the driver for driving os-
cillation of the conduit, wherein the drive signal
includes a first component selected to drive os-
cillation of the conduit at the first frequency and
a second component selected to drive oscilla-
tion of the conduit at the second frequency, the
drive signal generator being configured to com-
bine the first and second components concur-
rently with one another so the driver drives the
conduit in a first bending mode and in a second
bending mode at the same time.

9. A system for metering flow of a multiphase fluid, the
system comprising:

first and second Coriolis meters, each as set
forth in any one of claims 1-8, wherein each of
the first and second Coriolis meters outputs a
time-varying mass flow rate measurement of flu-
id flowing through the respective meter and a
time-varying density measurement of fluid flow-
ing through the respective meter;
a signal correlator that compares at least one of
the time-varying mass flow rate measurement
and the time-varying density measurement from
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the first Coriolis meter with the respective time-
varying mass flow rate or time-varying density
measurement from the second Coriolis meter
and determines a time delay between matching
measurements; and
a measurement system that uses the deter-
mined time delay to derive an estimated velocity
of a component of the multiphase flow, and cor-
rect at least one of the mass flow and density
measurements using the estimated velocity.

10. A system as set forth in claim 9 wherein the system
has one or more of features (A), (B), and (C):

(A) the system is configured to use the estimated
velocity to characterize slip between a gas
phase and a liquid phase of the multiphase fluid
and to correct said at least one of the mass flow
and density measurements as a function of the
slip;
(B) the system is configured to correlate the
time-varying mass flow rate measurement from
the first Coriolis meter with the respective time-
varying mass flow rate measurement from the
second Coriolis meter, use the time delay to de-
rive an estimated velocity of a liquid phase of
the multiphase fluid, and correct at least one of
the mass flow and density measurements using
the estimated liquid phase velocity; and
(C) the system is configured to correlate the
time-varying density measurement from the first
Coriolis meter with the time-varying density
measurement from the second Coriolis meter,
use the time delay to derive an estimated veloc-
ity of a gas phase of the multiphase fluid, and
correct at least one of the mass flow and density
measurements using the estimated gas phase
velocity.

11. A Coriolis flowmeter as set forth in any one of claims
1-8 further comprising a digital drive signal generator
configured to produce a drive signal based on at least
one of the first and second sensor signals and send
the drive signal to the driver to oscillate the conduit,
wherein the drive signal includes a first component
selected to drive oscillation of the conduit in a first
vibrational bending mode and a second component
selected to drive oscillation of the conduit in a second
vibrational bending mode different from the first vi-
brational bending mode, the drive signal generator
being configured to combine the first and second
components concurrently with one another so the
driver drives the conduit in the first and second vi-
brational bending modes at the same time;
wherein optionally:

the driver is a first driver and the drive signal is
a first drive signal,

the Coriolis flowmeter further comprises a sec-
ond driver configured to oscillate the conduit,
the first and second drivers are positioned at dif-
ferent locations on the conduit,
the digital drive signal generator is configured
to produce a second drive signal based on at
least one of the first and second sensor signals,
the second drive signal includes the first com-
ponent and the second component, and
the drive signal generator is configured to com-
bine the first and second components concur-
rently with one another in the second drive signal
so the first and second drivers collectively drive
the conduit in the first and second vibrational
bending modes at the same time.

12. A Coriolis flowmeter as set forth in claim 11 wherein
the drive signal generator is configured to control the
amplitude of the oscillation of the conduit in the first
vibrational bending mode and control the amplitude
of the oscillation of the conduit in the second vibra-
tional bending mode;
wherein the drive signal generator is optionally con-
figured to control the amplitude of the conduit in the
first and second vibrational bending modes using a
PID control; and
wherein the PID control optionally comprises two in-
puts and two outputs, wherein the two inputs option-
ally correspond to information about the amplitudes
of oscillation in the first and second bending modes,
respectively, and the two outputs optionally corre-
spond to information about drive levels selected to
maintain the amplitudes of oscillation in the first and
second modes at respective setpoints.

13. A Coriolis flowmeter as set forth in either of claims
11 and 12 wherein said phase difference is a first
phase difference, the first phase difference being re-
lated to a distortion of the first vibrational bending
mode caused by flow of mass through the conduit,
the digital signal processor being configured to de-
tect a second phase difference that is related to a
distortion of the second vibrational bending mode
caused by flow of mass through the conduit, wherein
the digital signal processor is configured to deter-
mine the mass flow rate of the fluid using the first
and second phase differences.

14. A Coriolis flowmeter as set forth in any one of claims
11-13 wherein the digital signal processor is config-
ured to measure a density of the fluid in the conduit
using a frequency of at least one of the first and sec-
ond vibrational bending modes; and
wherein the digital signal processor is optionally con-
figured to determine a density of the fluid in the con-
duit using the frequency of the first vibrational bend-
ing mode and the frequency of the second vibrational
bending mode.
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15. A method of driving oscillation of a conduit of a Co-
riolis flowmeter of the type comprising: a conduit con-
figured to convey a fluid through the flowmeter; a
driver configured to oscillate the conduit; a first sen-
sor configured to generate a first sensor signal in-
dicative of movement of the conduit at a first location;
a second sensor configured to generate a second
sensor signal indicative of movement of the conduit
at a second location, the first and second locations
being arranged so a phase difference between the
first and second signals when the conduit is oscillat-
ed by the driver is related to a mass flow rate of the
fluid through the flowmeter; the method comprising:

using a plurality of detectors tuned to a set of
different frequencies to analyze the first sensor
signal in parallel and generate outputs indicative
of how closely an actual frequency of the first
sensor signal matches the frequency to which
the respective detector is tuned;
supplying the driver with a drive signal including
a frequency based on an estimated frequency
determined using the outputs from the detec-
tors.

Patentansprüche

1. Coriolis-Durchflussmesser, umfassend:

eine Leitung, die so konfiguriert ist, dass sie ein
Fluid durch den Durchflussmesser leitet;
einen Treiber, der so konfiguriert ist, dass er die
Leitung zum Schwingen bringt;
einen ersten Sensor, der so konfiguriert ist, dass
er ein erstes Sensorsignal erzeugt, das eine Be-
wegung der Leitung an einer ersten Stelle an-
zeigt;
einen zweiten Sensor, der so konfiguriert ist,
dass er ein zweites Sensorsignal erzeugt, das
deine Bewegung der Leitung an einer zweiten
Stelle anzeigt, wobei die erste und zweite Stelle
so angeordnet sind, dass eine Phasendifferenz
zwischen dem ersten und zweiten Signal, wenn
die Leitung durch den Treiber zum Schwingen
gebracht wird, mit einer Massendurchflussrate
des Fluids durch den Durchflussmesser in Be-
ziehung steht;
einen digitalen Signalprozessor, der so konfigu-
riert ist, dass er die Phasendifferenz erfasst und
die Massendurchflussrate des Fluids unter Ver-
wendung der erfassten Phasendifferenz ermit-
telt und ein Signal ausgibt, das die ermittelte
Massendurchflussrate anzeigt,
wobei der digitale Signalprozessor eine Vielzahl
von Detektoren umfasst, die auf einen Satz von
unterschiedlichen Frequenzen abgestimmt
sind, wobei die Detektoren so konfiguriert sind,

dass sie mindestens eines der Sensorsignale
parallel analysieren und einen Ausgang erzeu-
gen, der anzeigt, wie eng eine tatsächliche Fre-
quenz des mindestens einen der Sensorsignale
mit der Frequenz übereinstimmt, auf die der je-
weilige Detektor abgestimmt ist.

2. Coriolis-Durchflussmesser nach Anspruch 1, wobei
jeder der Vielzahl von Detektoren einen Puffer um-
fasst, der so konfiguriert ist, dass er eine Reihe von
digitalen Abtastwerten des mindestens einen der
Sensorsignale speichert, wobei die Reihe eine An-
zahl von digitalen Abtastwerten aufweist, die ausge-
wählt wird, um den jeweiligen Detektor auf eine be-
stimmte Frequenz des Satzes von unterschiedlichen
Frequenzen abzustimmen;
wobei der Ausgang, der anzeigt, wie eng die tatsäch-
liche Frequenz des mindestens einen der Sensorsi-
gnale mit der Frequenz übereinstimmt, auf die der
jeweilige Detektor abgestimmt ist, wahlweise auf ei-
ner Analyse einer Wellenform des mindestens einen
der Sensorsignale basiert, die durch die im Puffer
gespeicherten digitalen Abtastwerte dargestellt wer-
den; und
wobei die Analyse wahlweise das Vergleichen einer
aktuellen Phasenschätzung für die Wellenform des
mindestens einen der Sensorsignale mit einer vor-
herigen Phasenschätzung für die Wellenform um-
fasst.

3. Coriolis-Messvorrichtung nach Anspruch 2, wobei
die vorherige Phasenschätzung einem Zeitpunkt t
entspricht, zu dem eine erwartete Beziehung zwi-
schen der aktuellen Phasenschätzung und der vor-
herigen Phasenschätzung besteht, wobei die erwar-
tete Beziehung auf einer Beziehung zwischen t und
der Periode einer idealen Wellenform mit der Fre-
quenz, auf die der Detektor abgestimmt ist, basiert
und die Analyse ein Vergleichen einer tatsächlichen
Beziehung zwischen der aktuellen Phasenschät-
zung und der vorherigen Phasenschätzung mit der
erwarteten Beziehung zwischen der aktuellen Pha-
senschätzung und der vorherigen Phasenschätzung
umfasst.

4. Coriolis-Durchflussmesser nach Anspruch 2, wobei
die vorherige Phasenschätzung für die Wellenform
eine Phasenschätzung von einem Zeitpunkt an um-
fasst, zu dem ein Abtastwert, der sich gegenwärtig
am Ende der Reihe von digitalen Abtastwerten be-
findet, die den ältesten Daten entsprechen, an einem
Ende der Reihe von digitalen Abtastwerten war, die
den neuesten Daten entsprechen.

5. Coriolis-Durchflussmesser nach einem der Ansprü-
che 2-4, wobei der digitale Signalprozessor eine
Quadraturanalyse verwendet, um die Phasenschät-
zungen zu erhalten; und
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wobei die Detektoren wahlweise so konfiguriert sind,
dass sie statische Sinus- und Kosinuswerte verwen-
den, um die Quadraturanalyse durchzuführen.

6. Coriolis-Messvorrichtung nach einem der Ansprü-
che 2-5, wobei der Coriolis-Durchflussmesser eines
oder beide der Merkmale (a) und (b) aufweist:

(a) der Puffer umfasst einen Ringpuffer; und
(b) der digitale Signalprozessor ist so konfigu-
riert, dass er Detektoren identifiziert, die auf Fre-
quenzen abgestimmt sind, die an das mindes-
tens eine der Sensorsignale angrenzen, und
dass er Interpolation anwendet, um eine Fre-
quenzmessung zu ermitteln, die zwischen den
Frequenzen liegt, auf die die identifizierten De-
tektoren abgestimmt sind.

7. Coriolis-Durchflussmesser nach einem der Ansprü-
che 1-6, wobei der Coriolis-Durchflussmesser eines
oder mehrere der Merkmale (i), (ii) und (iii) aufweist:

(i) die dem mindestens einen der Sensorsignale
zugeordnete Frequenz entspricht der Frequenz
eines Biegevibrationsmodus der Leitung;
(ii) der digitale Signalprozessor ist so konfigu-
riert, dass er die Dichte des durch die Leitung
strömenden Fluids unter Verwendung einer von
den Detektoren ermittelten Frequenzschätzung
ermittelt; und
(iii) die Vielzahl von Detektoren ist eine erste
Vielzahl von Detektoren und ist so konfiguriert,
dass eine erste Frequenz gemessen wird, die
dem mindestens einen der Sensorsignale zuge-
ordnet ist, wobei der digitale Signalprozessor
weiter eine zweite Vielzahl von Detektoren um-
fasst, die so konfiguriert sind, dass sie parallel
zueinander arbeiten, um eine zweite Frequenz
zu messen, die dem mindestens einen der Sen-
sorsignale zugeordnet ist, wobei sich die zweite
Frequenz von der ersten Frequenz unterschei-
det.

8. Coriolis-Durchflussmesser nach Anspruch 7, wobei
der Coriolis-Durchflussmesser das Merkmal (iii) auf-
weist und weiter eines oder mehrere der Merkmale
(I), (II) und (III) umfasst:

(I) die erste Frequenz entspricht der Frequenz
eines ersten Biegemodus der Leitung und die
zweite Frequenz entspricht der Frequenz eines
zweiten Biegemodus der Leitung;
(II) der digitale Signalprozessor ist so konfigu-
riert, dass er die Dichte des Fluids in der Leitung
unter Verwendung der gemessenen ersten und
zweiten Frequenz ermittelt; und
(III) der digitale Signalprozessor ist so konfigu-
riert, dass er ein Treibersignal an den Treiber

ausgibt, um eine Schwingung der Leitung anzu-
treiben, wobei das Treibersignal eine erste
Komponente, die so ausgewählt ist, dass sie ei-
ne Schwingung der Leitung mit der ersten Fre-
quenz antreibt, und eine zweite Komponente
aufweist, die so ausgewählt ist, dass sie eine
Schwingung der Leitung mit der zweiten Fre-
quenz steuert, wobei der Treibersignalgenera-
tor so konfiguriert ist, dass er die erste und zwei-
te Komponente gleichzeitig miteinander kombi-
niert, so dass der Treiber die Leitung gleichzeitig
in einem ersten Biegemodus und in einem zwei-
ten Biegemodus antreibt.

9. System zum Messen des Durchflusses eines Mehr-
phasenfluids, wobei das System umfasst:

eine erste und zweite Coriolis-Messvorrichtung,
jeweils nach einem der Ansprüche 1-8, wobei
jede der ersten und zweiten Coriolis-Messvor-
richtung eine zeitlich variable Massendurch-
flussratenmessung des durch die jeweilige
Messvorrichtung strömenden Fluids und eine
zeitlich variable Dichtemessung des durch die
jeweilige Messvorrichtung strömenden Fluids
ausgibt;
einen Signalkorrelator, der die zeitlich variable
Massendurchflussratenmessung und/oder die
zeitlich variable Dichtemessung von der ersten
Coriolis-Messvorrichtung mit der jeweiligen zeit-
lich variablen Massendurchflussraten- oder
zeitlich variablen Dichtemessung von der zwei-
ten Coriolis-Messvorrichtung vergleicht und ei-
ne Zeitverzögerung zwischen übereinstimmen-
den Messungen ermittelt; und
ein Messsystem, das die ermittelte Zeitverzöge-
rung verwendet, um eine geschätzte Geschwin-
digkeit einer Komponente des Mehrphasen-
durchflusses abzuleiten und die Massendurch-
fluss- und/oder Dichtemessung unter Verwen-
dung der geschätzten Geschwindigkeit zu kor-
rigieren.

10. System nach Anspruch 9, wobei das System eines
oder mehrere der Merkmale (A), (B) und (C) auf-
weist:

(A) das System ist so konfiguriert, dass es die
geschätzte Geschwindigkeit verwendet, um den
Schlupf zwischen einer Gasphase und einer
flüssigen Phase des Mehrphasenfluids zu cha-
rakterisieren und um die Massendurchfluss-
und/oder Dichtemessung als Funktion des
Schlupfes zu korrigieren;
(B) das System ist so konfiguriert, dass es die
zeitlich variable Massendurchflussratenmes-
sung von der ersten Coriolis-Messvorrichtung
mit der jeweiligen zeitlich variablen Massen-
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durchflussratenmessung von der zweiten Cori-
olis-Messvorrichtung korreliert, die Zeitverzöge-
rung verwendet, um eine geschätzte Geschwin-
digkeit einer flüssigen Phase des Mehrphasen-
fluids abzuleiten, und die Massendurchfluss-
und/oder Dichtemessung unter Verwendung
der geschätzten Flüssigphasengeschwindigkeit
korrigiert; und
(C) das System ist so konfiguriert, dass es die
zeitlich variable Dichtemessung von der ersten
Coriolis-Messvorrichtung mit der zeitlich variab-
len Dichtemessung von der zweiten Coriolis-
Messvorrichtung korreliert, die Zeitverzögerung
verwendet, um eine geschätzte Geschwindig-
keit einer Gasphase des Mehrphasenfluids ab-
zuleiten, und die Massendurchfluss- und/oder
Dichtemessung unter Verwendung der ge-
schätzten Gasphasengeschwindigkeit korri-
giert.

11. Coriolis-Durchflussmesser nach einem der Ansprü-
che 1-8, weiter umfassend einen digitalen Treiber-
signalgenerator, der so konfiguriert ist, dass er ein
Treibersignal auf der Grundlage von mindestens ei-
nem der ersten und zweiten Sensorsignale erzeugt
und das Treibersignal an den Treiber sendet, um die
Leitung zum Schwingen zu bringen, wobei das Trei-
bersignal eine erste Komponente, die so ausgewählt
ist, dass sie eine Schwingung der Leitung in einem
ersten Vibrationsbiegemodus antreibt, und eine
zweite Komponente aufweist, die so ausgewählt ist,
dass sie eine Schwingung der Leitung in einem zwei-
ten Vibrationsbiegemodus antreibt, der sich vom
ersten Vibrationsbiegemodus unterscheidet, wobei
der Treibersignalgenerator so konfiguriert ist, dass
er die erste und zweite Komponente gleichzeitig mit-
einander kombiniert, so dass der Treiber die Leitung
gleichzeitig im ersten und zweiten Vibrationsbiege-
modus antreibt;
wobei wahlweise:

der Treiber ein erster Treiber ist und das Trei-
bersignal ein erstes Treibersignal ist,
der Coriolis-Durchflussmesser weiter einen
zweiten Treiber umfasst, der so konfiguriert ist,
dass er die Leitung zum Schwingen bringt,
der erste und zweite Treiber an unterschiedli-
chen Stellen auf der Leitung positioniert sind,
der digitale Treibersignalgenerator so konfigu-
riert ist, dass er ein zweites Treibersignal er-
zeugt, das auf mindestens einem der ersten und
zweiten Sensorsignale basiert,
das zweite Treibersignal die erste Komponente
und die zweite Komponente aufweist, und
der Treibersignalgenerator so konfiguriert ist,
dass er im zweiten Treibersignal die erste und
zweite Komponente gleichzeitig miteinander
kombiniert, so dass der erste und zweite Treiber

die Leitung im ersten und zweiten Vibrationsbie-
gemodus gleichzeitig gemeinsam antreiben.

12. Coriolis-Durchflussmesser nach Anspruch 11, wo-
bei der Treibersignalgenerator so konfiguriert ist,
dass er die Amplitude der Schwingung der Leitung
im ersten Vibrationsbiegemodus steuert und die Am-
plitude der Schwingung der Leitung im zweiten Vib-
rationsbiegemodus steuert;
wobei der Treibersignalgenerator wahlweise so kon-
figuriert ist, dass er die Amplitude der Leitung im ers-
ten und zweiten Vibrationsbiegemodus unter Ver-
wendung einer PID-Regelung steuert; und
wobei die PID-Regelung wahlweise zwei Eingänge
und zwei Ausgänge umfasst, wobei die beiden Ein-
gänge wahlweise Informationen über die Schwin-
gungsamplituden im ersten bzw. zweiten Biegemo-
dus entsprechen und die beiden Ausgänge wahlwei-
se Informationen über Treiberpegel entsprechen,
die so gewählt sind, dass die Schwingungsamplitu-
den im ersten und zweiten Modus auf den jeweiligen
Sollwerten gehalten werden.

13. Coriolis-Durchflussmesser nach einem der Ansprü-
che 11 und 12, wobei die Phasendifferenz eine erste
Phasendifferenz ist, wobei die erste Phasendiffe-
renz mit einer Verzerrung des ersten Vibrationsbie-
gemodus in Beziehung steht, die durch den Massen-
durchfluss durch die Leitung verursacht wird, wobei
der digitale Signalprozessor so konfiguriert ist, dass
er eine zweite Phasendifferenz erfasst, die mit einer
Verzerrung des zweiten Vibrationsbiegemodus in
Beziehung steht, die durch den Massendurchfluss
durch die Leitung verursacht wird, wobei der digitale
Signalprozessor so konfiguriert ist, dass er die Mas-
sendurchflussrate des Fluids unter Verwendung der
ersten und zweiten Phasendifferenz ermittelt.

14. Coriolis-Durchflussmesser nach einem der Ansprü-
che 11-13, wobei der digitale Signalprozessor so
konfiguriert ist, dass er die Dichte des Fluids in der
Leitung unter Verwendung einer Frequenz des ers-
ten und/oder zweiten Vibrationsbiegemodus misst;
und
wobei der digitale Signalprozessor wahlweise so
konfiguriert ist, dass er die Dichte des Fluids in der
Leitung unter Verwendung der Frequenz des ersten
Vibrationsbiegemodus und der Frequenz des zwei-
ten Vibrationsbiegemodus ermittelt.

15. Verfahren zum Treiben der Schwingung einer Lei-
tung eines derartigen Coriolis-Durchflussmessers,
umfassend: eine Leitung, die so konfiguriert ist, dass
sie ein Fluid durch den Durchflussmesser befördert;
einen Treiber, der so konfiguriert ist, dass er die Lei-
tung zum Schwingen bringt; einen ersten Sensor,
der so konfiguriert ist, dass er ein erstes Sensorsig-
nal erzeugt, das eine Bewegung der Leitung an einer
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ersten Stelle anzeigt; einen zweiten Sensor, der so
konfiguriert ist, dass er ein zweites Sensorsignal er-
zeugt, das eine Bewegung der Leitung an einer zwei-
ten Stelle anzeigt, wobei die erste und die zweite
Stelle so angeordnet sind, dass eine Phasendiffe-
renz zwischen dem ersten und zweiten Signal, wenn
die Leitung durch den Treiber zum Schwingen ge-
bracht wird, mit einer Massendurchflussrate des Flu-
ids durch den Durchflussmesser in Beziehung steht;
wobei das Verfahren umfasst:

Verwenden einer Vielzahl von Detektoren, die
auf einen Satz unterschiedlicher Frequenzen
abgestimmt sind, um das erste Sensorsignal pa-
rallel zu analysieren und Ausgänge zu erzeu-
gen, die anzeigen, wie eng eine tatsächliche
Frequenz des ersten Sensorsignals mit der Fre-
quenz übereinstimmt, auf die der jeweilige De-
tektor abgestimmt ist;
Versorgen des Treibers mit einem Treibersig-
nal, das eine Frequenz aufweist, die auf einer
geschätzten Frequenz basiert, die unter Ver-
wendung der Ausgänge von den Detektoren er-
mittelt wird.

Revendications

1. Débitmètre Coriolis comprenant :

un conduit configuré pour convoyer un fluide à
travers le débitmètre ;
un pilote configuré pour faire osciller le conduit ;
un premier capteur configuré pour générer un
premier signal de capteur indiquant un mouve-
ment du conduit à un premier emplacement ;
un second capteur configuré pour générer un
second signal de capteur indiquant un mouve-
ment du conduit à un second emplacement, le
premier et le second emplacement étant agen-
cés de sorte qu’une différence de phase entre
le premier signal et le second signal, quand le
conduit est mis en oscillation par le pilote, est
en relation avec un débit massique du fluide à
travers le débitmètre ;
un processeur de signal numérique configuré
pour détecter la différence de phase et pour dé-
terminer le débit massique du fluide en utilisant
la différence de phase détectée et pour sortir un
signal indiquant le débit massique déterminé,
dans lequel le processeur de signal numérique
comprend une pluralité de détecteurs accordés
sur un groupe de fréquences différentes, les dé-
tecteurs étant configurés pour analyser au
moins un des signaux de capteur en parallèle
et pour générer une sortie indiquant dans quelle
mesure il existe une correspondante étroite en-
tre une fréquence réelle dudit au moins un signal

parmi les signaux de capteur et la fréquence sur
laquelle le détecteur respectif est accordé.

2. Débitmètre Coriolis selon la revendication 1, dans
lequel chaque détecteur parmi ladite pluralité de dé-
tecteurs comprend un tampon configuré pour stoc-
ker une série d’échantillons numériques dudit au
moins un signal parmi les signaux de capteur, la série
ayant un nombre d’échantillons numériques qui est
sélectionné pour accorder le détecteur respectif sur
une fréquence particulière dudit groupe de fréquen-
ces différentes ;
dans lequel ladite sortie indiquant dans quelle me-
sure il existe une correspondance étroite entre la
fréquence réelle dudit au moins un signal parmi les
signaux de capteur et la fréquence sur laquelle le
détecteur respectif est accordé est basée en option
sur une analyse d’une forme d’onde dudit au moins
un signal parmi les signaux de capteur représentée
par les échantillons numériques stockés dans le
tampon ; et
dans lequel l’analyse comprend en option une com-
paraison d’une estimation de phase actuelle pour la
forme d’onde dudit au moins un signal parmi les si-
gnaux de capteur à une estimation de phase anté-
rieure pour la forme d’onde.

3. Débitmètre Coriolis selon la revendication 2, dans
lequel l’estimation de phase antérieure correspond
à un temps t auquel il y a une relation escomptée
entre l’estimation de phase actuelle et l’estimation
de phase antérieure, dans lequel la relation escomp-
tée est basée sur une relation entre t et la période
d’une forme d’onde idéale ayant la fréquence sur
laquelle détecteur est accordé, et l’analyse com-
prend une comparaison entre une relation réelle en-
tre l’estimation de phase actuelle et l’estimation de
phase antérieure et la relation escomptée entre l’es-
timation de phase actuelle et l’estimation de phase
antérieure.

4. Débitmètre Coriolis selon la revendication 2, dans
lequel l’estimation de phase antérieure pour la forme
d’onde comprend une estimation de phase à partir
d’un temps où un échantillon actuellement à une fin
de la série d’échantillons numériques correspondant
aux données les plus anciennes était à une fin de la
série d’échantillons numériques correspondant aux
données les plus récentes.

5. Débitmètre Coriolis selon l’une quelconque des re-
vendications 2 à 4, dans lequel le processeur de si-
gnal numérique utilise une analyse en quadrature
pour obtenir les estimations de phase ; et
dans lequel les détecteurs sont en option configurés
pour utiliser des valeurs de sinus et de cosinus sta-
tiques pour exécuter l’analyse en quadrature.
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6. Débitmètre Coriolis selon l’une quelconque des re-
vendications 2 à 5, dans lequel le débitmètre Coriolis
présente une ou deux des caractéristiques (a) et (b)
suivantes :

(a) le tampon comprend un tampon circulaire ; et
(b) le processeur de signal numérique est con-
figuré pour identifier des détecteurs qui sont ac-
cordés sur des fréquences adjacentes à celles
dudit au moins un signal parmi les signaux de
capteur et pour utiliser une interpolation afin de
déterminer une mesure de fréquence qui est en-
tre les fréquences sur lesquelles les détecteurs
identifiés sont accordés.

7. Débitmètre Coriolis selon l’une quelconque des re-
vendications 1 à 6, dans lequel le débitmètre Coriolis
présente l’une ou plusieurs des caractéristiques (i),
(ii), et (iii) :

(i) ladite fréquence associée audit au moins un
signal parmi les signaux de capteur correspond
à la fréquence d’un mode de flexion d’une vibra-
tion du conduit ;
(ii) le processeur de signal numérique est con-
figuré pour déterminer une densité du fluide
s’écoulant à travers le conduit en utilisant une
estimation de fréquence déterminée à partir des
détecteurs ; et
(iii) la pluralité de détecteurs sont une première
pluralité de détecteurs et sont configurés pour
mesurer une première fréquence associée audit
au moins un signal parmi les signaux de capteur,
le processeur de signal numérique comprenant
en outre une seconde pluralité de détecteurs
configurés pour fonctionner en parallèle les uns
aux autres afin de mesurer une seconde fré-
quence associée audit un signal parmi les si-
gnaux de capteur, la seconde fréquence étant
différente de la première fréquence.

8. Débitmètre Coriolis selon la revendication 7, dans
lequel le débitmètre Coriolis présente la caractéris-
tique (iii) et présente en outre une ou plusieurs ca-
ractéristiques (I), (II), et (III) :

(I) la première fréquence correspond à la fré-
quence d’un premier mode de flexion du conduit
et la seconde fréquence correspond à la fré-
quence d’un second mode de flexion du
conduit ;
(II) le processeur de signal numérique est con-
figuré pour déterminer une densité du fluide
dans le conduit en utilisant la première fréquen-
ce et la seconde fréquence mesurées ; et
(III) le processeur de signal numérique est con-
figuré pour sortir un signal pilote vers le pilote
pour piloter une oscillation du conduit, dans le-

quel le signal pilote inclut un premier composant
sélectionné pour piloter une oscillation du con-
duit à la première fréquence et un second com-
posant sélectionné pour piloter une oscillation
du conduit à la seconde fréquence, le généra-
teur de signal pilote étant configuré pour com-
biner le premier composant et le second com-
posant simultanément l’un avec l’autre de sorte
que le pilote pilote le conduit dans un premier
mode de flexion et dans un second mode de
flexion en même temps.

9. Système pour mesurer un débit d’un fluide à phases
multiples, le système comprenant :

un premier et un second débitmètre Coriolis,
chacun selon l’une quelconque des revendica-
tions 1 à 8, dans lequel chacun du premier et du
second débitmètre Coriolis sort une mesure de
débit massique, variant en fonction du temps,
du fluide s’écoulant à travers le débitmètre res-
pectif et une mesure de densité, variant en fonc-
tion du temps, du fluide s’écoulant à travers le
débitmètre respectif ;
un corrélateur de signal qui compare au moins
une mesure parmi la mesure de débit massique
variant en fonction du temps et la mesure de
densité variant en fonction du temps provenant
du premier débitmètre Coriolis à une mesure
respective parmi la mesure de débit massique
variant en fonction du temps et la mesure de
densité variant en fonction du temps provenant
du second débitmètre Coriolis, et qui détermine
un retard temporel entre des mesures
correspondantes ; et
un système de mesure qui utilise le retard tem-
porel déterminé pour dériver une vitesse esti-
mée d’un composant de l’écoulement à phase
multiples, et qui corrige au moins une mesure
parmi la mesure de débit massique et la mesure
de densité en utilisant la vitesse estimée.

10. Système selon la revendication 9, dans lequel le sys-
tème présente une plusieurs des caractéristiques
(A), (B), et (C) :

(A) le système est configuré pour utiliser la vi-
tesse estimée pour caractériser un glissement
entre une phase gazeuse et une phase liquide
du fluide à phases multiples et pour corriger la-
dite une mesure parmi la mesure de débit mas-
sique et la mesure de densité à titre de fonction
du glissement ;
(B) le système est configuré pour corréler la me-
sure de débit massique variant en fonction du
temps provenant du premier débitmètre Coriolis
avec la mesure respective parmi la mesure de
débit massique variant en fonction du temps pro-

31 32 



EP 3 368 868 B1

18

5

10

15

20

25

30

35

40

45

50

55

venant du second débitmètre Coriolis, pour uti-
liser le retard temporel afin de dériver une vites-
se estimée d’une phase liquide du fluide à pha-
ses multiples, et pour corriger au moins une me-
sure parmi la mesure de débit massique et la
mesure de densité en utilisant la vitesse de pha-
se liquide estimée ; et
(C) le système est configuré pour corréler la me-
sure de densité variant en fonction du temps pro-
venant du premier débitmètre Coriolis avec la
mesure de densité variant en fonction du temps
provenant du second débitmètre Coriolis, pour
utiliser le retard temporel afin de dériver une vi-
tesse estimée d’une phase gazeuse du fluide à
phases multiples, et pour corriger au moins une
mesure parmi la mesure de débit massique et
la mesure de densité en utilisant la vitesse de
phase gazeuse estimée.

11. Débitmètre Coriolis selon l’une quelconque des re-
vendications 1 à 8, comprenant en outre un généra-
teur de signal pilote numérique configuré pour pro-
duire un signal pilote sur la base d’au moins un signal
parmi le premier signal et le second signal de cap-
teur, et pour envoyer le signal pilote au pilote pour
faire osciller le conduit, dans lequel le signal pilote
inclut un premier composant sélectionné pour piloter
une oscillation du conduit dans un premier mode de
flexion par vibration et un second composant sélec-
tionné pour piloter une oscillation du conduit dans
un second mode de flexion par vibration différent du
premier mode de flexion par vibration, le générateur
de signal pilote étant configuré pour combiner le pre-
mier composant et le second composant simultané-
ment l’un avec l’autre de sorte que le pilote pilote le
conduit dans le premier et le second mode de flexion
par vibration en même temps ;
dans lequel, en option :

le pilote est un premier pilote et le signal pilote
est un premier signal pilote,
le débitmètre Coriolis comprend en outre un se-
cond pilote configuré pour faire osciller le con-
duit,
le premier pilote et le second pilote sont posi-
tionnés à des emplacements différents sur le
conduit,
le générateur de signal pilote numérique est
configuré pour produire un second signal pilote
sur la base d’au moins un signal parmi le premier
signal et le second signal de capteur,
le second signal pilote inclut le premier compo-
sant et le second composant, et
le générateur de signal pilote est configuré pour
combiner le premier et le second composant si-
multanément l’un avec l’autre dans le second
signal pilote de sorte que le premier et le second
pilote pilotent collectivement le conduit dans le

premier et le second mode de flexion par vibra-
tion en même temps.

12. Débitmètre Coriolis selon la revendication 11, dans
lequel le générateur de signal pilote est configuré
pour commander l’amplitude de l’oscillation du con-
duit dans le premier mode de flexion par vibration et
pour commander l’amplitude de l’oscillation du con-
duit dans le second mode de flexion par vibration ;
dans lequel le générateur de signal pilote est en op-
tion configuréepour commander l’amplitude du con-
duit dans le premier et dans le second mode de
flexion par vibration en utilisant une commande PID ;
et
dans lequel la commande PID comprend en option
deux entrées et deux sorties, dans lequel les deux
entrées en option correspondent à une information
concernant les amplitudes d’oscillation dans le pre-
mier et le second mode de flexion, respectivement,
et les deux sorties en option correspondent à une
information concernant des niveaux pilotes sélec-
tionnée pour maintenir les amplitudes d’oscillation
dans le premier mode et le second mode à des points
de consigne respectifs.

13. Débitmètre Coriolis selon l’une ou l’autre des reven-
dications 11 et 12, dans lequel ladite différence de
phase est une première différence de phase, la pre-
mière différence de phase étant en relation avec une
distorsion du premier mode de flexion par vibration
causée par un écoulement massique à travers le
conduit, le processeur de signal numérique étant
configuré pour détecter une seconde différence de
phase qui est en relation avec une distorsion du se-
cond mode de flexion par vibration causée par un
écoulement massique à travers le conduit, dans le-
quel le processeur de signal numérique est configuré
pour déterminer le débit massique du fluide en utili-
sant la première et la seconde différence de phase.

14. Débitmètre Coriolis selon l’une quelconque des re-
vendications 11 à 13, dans lequel le processeur de
signal numérique est configuré pour mesurer une
densité du fluide dans le conduit en utilisant une fré-
quence d’au moins un mode parmi le premier et le
second mode de flexion par vibration ; et
dans lequel le processeur de signal numérique est
en option configuré pour déterminer une densité du
fluide dans le conduit en utilisant la fréquence du
premier mode de flexion par vibration et la fréquence
du second mode de flexion par vibration.

15. Procédé de pilotage d’oscillation d’un conduit d’un
débitmètre Coriolis du type comprenant : un conduit
configuré pour convoyer un fluide à travers le
débitmètre ; un pilote configuré pour faire osciller le
conduit ; un premier capteur configuré pour générer
un premier signal de capteur indiquant un mouve-
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ment du conduit à un premier emplacement ; un se-
cond capteur configuré pour générer un second si-
gnal de capteur indiquant un mouvement du conduit
à un second emplacement, le premier emplacement
et le second emplacement étant agencés de sorte
qu’une différence de phase entre le premier signal
et le second signal, quand le conduit est mis en os-
cillation par le pilote, est en relation avec un débit
massique du fluide à travers le débitmètre ; le pro-
cédé comprenant les étapes consistant à :

utiliser une pluralité de détecteurs accordés sur
un groupe de fréquences différentes pour ana-
lyser le premier signal de capteur en parallèle
et pour générer des sorties indiquant dans quel-
le mesure il existe une correspondante étroite
entre une fréquence réelle dudit premier signal
de capteur et la fréquence sur laquelle le détec-
teur respectif est accordé ;
alimenter le pilote avec un signal pilote incluant
une fréquence sur la base d’une fréquence es-
timée déterminée en utilisant les sorties prove-
nant des détecteurs.
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