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WET GAS MEASUREMENT

TECHNICAL FIELD

This description relates to flowmeters.

BACKGROUND

Flowmeters provide information about materials being transferred through a conduit.
For example, mass flowmeters provide a direct indication of the mass of material being
transferred through a conduit. Similarly, density flowmeters, or densitometers, provide an
indication of the density of material flowing through a conduit. Mass flowmeters also may
provide an indication of the density of the material.

Coriolis-type mass flowmeters are based on the well-known Coriolis effect, in which
material flowing through a rotating conduit becomes a radially traveling mass that is
aftected by a Coriolis force and therefore experiences an acceleration. Many Coriolis-type
mass flowmeters induce a Coriolis force by sinusoidally oscillating a conduit about a pivot
axis orthogonal to the length of the conduit. In such mass flowmeters, the Coriolis reaction
force experienced by the traveling fluid mass is transferred to the conduit itself and is
manifested as a detlection or offset of the conduit in the direction of the Coriolis force
vector in the plane of rotation.

Energy 1s supplied to the conduit by a driving mechanism that applies a periodic
force to oscillate the conduit. One type of driving mechanism is an electromechanical driver
that imparts a force proportional to an applied voltage. In an oscillating flowmeter, the
applied voltage is periodic, and is generally sinusoidal. The period of the input voltage is
chosen so that the motion of the conduit matches a resonant mode of vibration of the
conduit. This reduces the energy needed to sustain oscillation. An oscillating flowmeter

may use a feedback loop in which a sensor signal that carries
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instantaneous frequency and phase information related to oscillation of the conduit 1s

amplified and fed back to the conduit using the electromechanical dniver.

SUMMARY

In one general aspect, a multi-phase process fluid 1s passed through a vibratable
flowtube. Motion is induced in the vibratable flowtube. A first apparent property of the
multi-phase process fluid based on the motion of the vibratable flowtube 1s determined,
and an apparent intermediate value associated with the multi-phase process tluid 1s
determined based on the first apparent property. A corrected intermediate value 1s
determined based on a mapping between the apparent intermediate value and the
corrected intermediate value. A phase-specific property of a phase of the multi-phase
process fluid is determined based on the corrected mtermediate value.

Implementations may include one or more of the following features. The
mapping may be a neural network configured to determine an error 1n the intermediate
value resulting from the presence of the multi-flow process fluid. The apparent
intermediate value may be determined to be within a first defined region of values prior to
determining the corrected intermediate value, and the corrected intermediate value may
be determined to be within a second defined region of values prior to determining the
phase-specific property of a phase of the multi-phase process fluid.

The multi-phase process fluid may be a wet gas. The multi-phase process fluid
may include a first phase and a second phase, the first phase may include a non-gas fluid,
and the second phase may include a gas. The multi-phase process fluid may mclude a
first phase including a first non-gas fluid, and a second phase including a second non-gas
fluid, and a third phase including a gas.

Determining the first apparent property of the multi-phase process fluid may
include determining a second apparent property of the multi-phase process fluid. The
first apparent property of the multiphase process fluid may be a mass flow rate and the
second apparent property may be a density.

One or more measurements corresponding to an additional property of the process
fluid may be received. The additional property of the multi-phase fluid may include one
or more of a temperature of the multi-phase fluid, a pressure associated with the multi-
phase fluid, and a watercut of the multi-phase fluid, and determining an apparent

intermediate value associated with the multi-phase process fluid based on the first
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apparent property may include determining the intermediate value based on the first apparent
property and the additional property.

Determining an apparent intermediate value associated with the multi-phase process
fluid based on the first apparent property may include determining a volume fraction
assoclated with an amount of non-gas fluid in the multi-phase process fluid and a volumetric
flow rate of the multi-phase fluid. Determining an apparent intermediate value associated with
the multi-phase process fluid based on the first apparent property may include determining a
first Froude number corresponding to a non-gas phase of the multi-phase fluid and a second
Froude number corresponding to a gas phase of the multi-phase fluid.

Determining a phase-specific property of a phase of the multi-phase process fluid
based on the corrected intermediate value may include determining a mass flow rate of a non-
gas phase of the multi-phase fluid.

Implementations of any of the techniques described above may include a method or
process, a system, a flowmeter, or instructions stored on a storage device of flowmeter
transmitter.

In an aspect, there 1s provided a method comprising: passing a multi-phase process
fluid through a vibratable flowtube; inducing motion in the vibratable tflowtube; determining a
first apparent property of the multi-phase process fluid based on the motion of the vibratable
flowtube; determining an apparent intermediate value associated with the multi-phase process
fluid based on the first apparent property; mapping the apparent intermediate value to a
corrected intermediate value; and determining a phase-specific property of a phase of the
multi-phase process fluid based on the corrected intermediate value.

[n another aspect, there is provided a flowmeter comprising: a vibratable tlowtube, the
flowtube containing a multi-phase tluid; a driver connected to the flowtube and configured to
impart motion to the flowtube such that the flowtube vibrates; a sensor connected to the
flowtube and configured to sense the motion of the tlowtube and generate a sensor signal; and
a controller to receive the sensor signal and contigured to: determine a first apparent property
of the multi-phase process fluid based on the motion of the vibratable tflowtube; determine an

apparent intermediate value associated with the multi-phase process fluid based on the first

apparent property; map the apparent intermediate value to a corrected intermediate value; and
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determine a phase-specitic property of a phase of the multi-phase process fluid based on the
corrected intermediate value.

In a further aspect, there is provided a flowmeter transmitter comprising: at least one
processing device; and a storage device, the storage device storing instructions for causing the
at least one processing device to: determine a first apparent property of the multi-phase
process fluid based on the motion of the vibratable flowtube; determine an apparent
intermediate value associated with the multi-phase process fluid based on the first apparent
property; map the apparent intermediate value to a corrected intermediate value; and ‘
determine a phase-specific property of a phase of the multi-phase process tluid based on the
corrected intermediate value.

The details of particular implementations are set forth in the accompanying drawings
and description below. Other features will be apparent from the following description,

including the drawings, and the claims.

DESCRIPTION OF DRAWINGS

Fig. 1 1s a block diagram of a digital mass flowmeter.

Figs. 2A and 2B are perspective and side views of mechanical components of a mass
flowmeter.

Figs. 3A-3C are schematic representations of three modes of motion of the flowmeter
of Fig. 1.

Fig. 4 1s a block diagram of an analog control and measurement circuit.

Fig. 5 1s a block diagram of a digital mass tlowmeter.

Fig. 6 1s a flow chart showing operation of the meter of Fig. 5.

Figs. 7A and 7B are graphs of sensor data.
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Figs. 8 A and 8B are graphs of sensor voltage relative to time.

Fig. 9 1s a flow chart of a curve fitting procedure.

Fig. 10 is a flow chart of a procedure for generating phase differences.

Figs. 11A-11D, 12A-12D, and 13A-13D illustrate dnive and sensor voltages at
system startup.

Fig. 14 is a flow chart of a procedure for measuring frequency, amplitude, and

phase of sensor data using a synchronous modulation technique.
Figs. 15A and 15B are block diagrams of a mass flowmeter.

Fig. 16 1s a flow chart of a procedure implemented by the meter of Figs. 15A and

15B.

Fig. 17 illustrates log-amplitude control of a transfer function.

Fig. 18 1s a root locus diagram.

Figs. 19A-19D are graphs of analog-to-digital converter performance relative to
temperature.

Figs. 20A-20C are graphs of phase measurements.

Figs. 21 A and 21B are graphs of phase measurements.

Fig. 22 1s a flow chart of a zero offset compensation procedure.

Figs. 23A-23C, 24A, and 24B are graphs of phase measurements.

Fig. 25 1s a graph of sensor voltage.

Fig. 26 is a flow chart of a procedure for compensating for dynamic effects.

Figs. 27A-35E are graphs illustrating application of the procedure of Fig. 29.

Figs. 36 A-36L are graphs 1llustrating phase measurement.

Fig. 37A 1s a graph of sensor voltages.

Figs. 37B and 37C are graphs of phase and frequency measurements
corresponding to the sensor voltages of Fig. 37A.

Figs. 37D and 37E are graphs of correction parameters for the phase and
frequency measurements of Figs. 37B and 37C.

Figs. 38A-38H are graphs of raw measurements.

Figs. 39A-39H are graphs of corrected measurements.

Figs. 40A-40H are graphs illustrating correction for aeration.

Fig. 41 is a block diagram illustrating the effect of aeration mn a conduit.

Fig. 42 is a flow chart of a setpoint control procedure.

Figs. 43A-43C are graphs illustrating application of the procedure ot Fig. 41.

Fig. 44 is a graph comparing the performance of digital and analog flowmeters.
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Fig. 45 1s a flow chart showing operation of a self-validating meter.

Fig. 46 1s a block diagram of a two-wire digital mass flowmeter.

Figs. 47A-47C are graphs showing response of the digital mass flowmeter under
wet and empty conditions.

Fig. 48A is a chart showing results for batching from empty trials.

Fig. 48B is a diagram showing an experimental flow rig.

Fig. 49 is a graph showing mass-flow errors against drop in apparent density.

Fig. 50 is a graph showing residual mass-flow errors after applying corrections.

Fig. 51 is a graph showing on-line response of the self-validating digital mass
flowmeter to the onset of two-phase tlow.

Fig. 52 is a block diagram of a digital controller implementing a neural network
processor that may be used with the digital mass flowmeter.

Fig. 53 is a flow diagram showing the technique for implementing the neural
network to predict the mass-flow error and generate an error correction factor to correct
the mass—ﬂbw measurement signal when two-phase flow 1s detected.

Fig. 54 is a 3D graph showing damping changes under two-phase flow conditions.

Fig. 55 is a flow diagram 1llustrating the experimental tlow nig.

Fig. 56 is a 3D graph showing true mass flow error under two-phase tlow
conditions.

Fig. 57 is a 3D graph showing corrected mass flow error under two-phase flow
conditions.

Fig. 58 is a graph comparing the uncorrected mass flow measurement signal with
the neural network corrected mass flow measurement signal.

Fig. 59 is a flow chart of a procedure for compensating for error under multi-
phase flow conditions.

Fig. 60 is a block diagram of a digital controller implementing a neural network
processor that may be used with the digital mass flowmeter for multiple-phase thuid
flows.

Fig. 61 is a flow diagram showing the technique for implementing the neural
network to predict the mass-flow error and generate an error correction factor to correct
the mass-flow measurement signal when multiple-phase flows are expected and/or
detected.

Fig. 62 is a graphical view of a test matrix for wellheads tested based on actual

testing at various well pressures and gas velocities.
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Fig. 63 1s a graphical view of raw density errors at various liquid void fraction
percentages and of wells at various velocities and pressures.
Fig. 64 1s a graphical view of raw mass flow errors at various hquid void fraction

percentages and of wells at various velocities and pressures.

Fig. 65 1s a graphical view of raw liquid void fraction errors of wells at various

velocities and pressures.

Fig. 66 1s a graphical view of raw volumetric flow errors for wells at various

velocities and pressures.

Fig. 67 1s a graphical view of corrected liquid void fractions of wells at various

velocities and pressures.

Fig. 68 1s a graphical view of corrected mixture volumetric flow of wells at

various velocities and pressures.

Fig. 69 1s a graphical view of corrected gas mass flow of wells at various

velocities and pressures.

Fig. 70 1s a graphical view of corrected gas cumulative probability of the digital

flowmeter tested.

Fig. 71 is a graphical view of corrected liquid mass flow error of wells at various

velocities and pressures.

Fig. 72 1s a graphical view of corrected gas cumulative probability of the digital

flowmeter tested.

DETAILED DESCRIPTION

Technmiques are provided for accounting for the effects of multi-phase flow 1n,
for example, a digital flowmeter. The multi-phase flow may be, for example, a two-phase
flow or a three-phase flow. In general, a two-phase flow 1s a fluid that includes two
phases or components. For example, a two-phase flow may include a phase that includes
a non-gas fluid (such as a liquid) and a phase that includes a gas. A three-phase flow 1s a
fluid that includes three phases. For example, a three-phase flow may be a fluid with a
gas phase and two non-gas liquids. For example, a three-phase flow may include natural

gas, o1l, and water. A two-phase flow may include, for example, natural gas and oil.
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Although the digital flowmeter continues to operate in the presence of a multi-
phase fluid, any propertires (e.g., the mass flow rate and density of the multi-phase fluid)
determined by the digital flowmeter may be inaccurate because the determination of these
properties using conventional techniques 1s generally based on an assumption that the
fluid flowing through the flowmeter is single-phase. Thus, even though the fluid 1s not a
single phase fluid, the flowmeter may continue to operate and generate apparent values of
properties such as the mass flow rate and density of the multi-phase fluid. As described
below with respect to Figs. 59-72, in one implementation parameters such as mass tflow
rate and density of each of the phases of the multi-phase flow may be determined from
the apparent mass flow rate and the apparent density of the multi-phase fluid. In
particular, and as discussed in more detail below, in one implementation, one or more
intermediate values, such as the liquid volume fraction and the volumetric tlowrate or gas
and non-gas Froude numbers, are determined from the apparent mass flow rate and
apparent density of the multi-phase fluid and the intermediate value(s) may be corrected
to account for the presence of multiple phases in the fluid using a neural network or other
mapping. The mass flow rate and density of each phase of the multi-phase fluid may be
determined from the corrected mtermediate value(s). Using the intermediate value(s)
rather than the mass flow rate and density of the multi-phase fluid may help to improve
the accuracy of the mass flow rate and density of each phase of the multi-phase fluid.

Before the techniques are described starting with reference to Fig. 59, digital
flowmeters are discussed with reference to Figs. 1 — 39. Various techniques for
accounting for the effects of multi-phase flow 1n, for example, a digital flowmeter are
discussed starting with Fig. 40.

Referring to Fig. 1, a digital mass flowmeter 100 includes a digital controller 105,
one or more motion sensors 110, one or more drivers 115, a conduit 120 (also referred to
as a flowtube), and a temperature sensor 125. The digital controller 105 may be
implemented using one or more of, for example, a processor, a field-programmable gate
array, an ASIC, other programmable logic or gate arrays, or programmable logic with a
processor core. The digital controller generates a measurement of mass flow through the
conduit 120 based at least on signals received from the motion sensors 110. The digital
controller also controls the drivers 115 to induce motion in the conduit 120. This motion

1s sensed by the motion sensors 110.

Mass flow through the conduit 120 is related to the motion induced in the

conduit in response to a driving force supplied by the drivers 115. In particular, mass
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flow is related to the phase and frequency of the motion, as well as to the temperature ot
the conduit. The digital mass flowmeter also may provide a measurement of the density
of material flowing through the conduit. The density is related to the frequency of the
motion and the temperature of the conduit. Many of the described techniques are

applicable to a densitometer that provides a measure of density rather than a measure of

mass flow.

The temperature in the conduit, which 1s measured using the temperature
sensor 125, affects certain properties of the conduit, such as its stiffness and dimensions.
The digital controller compensates for these temperature effects. The temperature ot the
digital controller 105 affects, for example, the operating frequency of the digital
controller. In general, the effects of controller temperature are sutficiently small to be
considered negligible. However, in some instances, the digital controller may measure

the controller temperature using a solid state device and may compensate for effects of

the controller temperature.

A. Mechanical Design

In one implementation, as illustrated in Figs. 2A and 2B, the conduit 120 1s
designed to be inserted in a pipeline (not shown) having a small section removed or
reserved to make room for the conduit. The conduit 120 includes mounting flanges 12 for
connection to the pipeline, and a central manifold block 16 supporting two parallel planar
loops 18 and 20 that are oriented perpendicularly to the pipeline. An electromagnetic
driver 46 and a sensor 48 are attached between each end of loops 18 and 20. Each of the
two drivers 46 corresponds to a driver 115 of Fig. 1, while each of the two sensors 48
corresponds to a sensor 110 of Fig. 1.

The drivers 46 on opposite ends of the loops are energized 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,
which intersects the tube at point P (Fig. 2B). Repeatedly reversing (e.g., controlling
sinusoidally) the energizing current supplied to the drivers causes each straight section 26
to undergo oscillatory motion that sweeps out a bow tie shape in the horizontal plane
about line 56-56, the axis of symmetry of the loop. The entire lateral excursion of the

loops at the lower rounded turns 38 and 40 is small, on the order of 1/16 of an 1nch for a
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two foot long straight section 26 of a pipe having a one inch diameter. The frequency ot
oscillation 1s typically about 80 to 90 Hertz.

B. Conduit Motion

The motion of the straight sections of loops 18 and 20 are shown in three modes 1n
Figs. 3A, 3B and 3C. In the drive mode shown in Fig. 3B, the loops are driven 180° out-

of-phase about their respective points P so that the two loops rotate synchronously but n
the opposite sense. Consequently, respective ends such as A and C periodically come
together and go apart.

The drive motion shown in Fig. 3B induces the Coriolis mode motion shown in
Fig. 3A, which is in opposite directions between the loops and moves the straight sections
26 slightly toward (or away) from each other. The Coriolis effect 1s directly related to
mvW, where m 1s the mass of material in a cross section of a loop, v 1s the velocity at
which the mass is moving (the volumetric flow rate), # 1s the angular velocity of the loop
(W = W,sinwt), and mv is the mass flow rate. The Coriolis effect 1s greatest when the two

straight sections are driven sinusoidally and have a sinusoidally varying angular velocity.
Under these conditions, the Coriolis effect 1s 90° out-of-phase with the drive signal.

Fig. 3C shows an undesirable common mode motion that detlects the loops 1n the
same direction. This type of motion might be produced by an axial vibration in the
pipeline in the example of Figs. 2A and 2B because the loops are perpendicular to the
pipeline.

The type of oscillation shown in Fig. 3B is called the antisymmetrical mode, and
the Coriolis mode of Fig. 3A is called the symmetrical mode. The natural frequency of
oscillation in the antisymmetrical mode is a function of the torsional resilience of the legs.
Ordinarily the resonant frequency of the antisymmetrical mode for conduits of the shape
shown in Figs. 2A and 2B is higher than the resonant frequency of the symmetrical mode.
To reduce the noise sensitivity of the mass flow measurement, it is desirable to maximize
the Coriolis force for a given mass flow rate. As noted above, the loops are driven at their
resonant frequency, and the Coriolis force is directly related to the frequency at which the
loops are oscillating (i.e., the angular velocity of the loops). Accordingly, the loops are
driven in the antisymmetrical mode, which tends to have the higher resonant frequency.

Other implementations may include different conduit designs. For example, a

single loop or a straight tube section may be employed as the conduit.
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C. Electronic Design

The digital controller 105 determines the mass flow rate by processing signals
produced by the sensors 48 (1.e., the motion sensors 110) located at opposite ends of the
loops. The signal produced by each sensor includes a component corresponding to the
relative velocity at which the loops are driven by a driver positioned next to the sensor
and a component corresponding to the relative velocity of the loops due to Coriolis forces
induced in the loops. The loops are driven in the antisymmetrical mode, so that the
components of the sensor signals corresponding to drive velocity are equal in magnitude
but opposite in sign. The resulting Coriolis force 1s in the symmetrical mode so that the
components of the sensor signals corresponding to Coriolis velocity are equal in
magnitude and sign. Thus, differencing the signals cancels out the Coriolis velocity
components and results in a difference that 1s proportional to the drive velocity.
Similarly, summing the signals cancels out the drive velocity components and results 1n a
sum that 1s proportional to the Coriolis velocity, which, in turn, 1s proportional to the

Coriolis force. This sum then may be used to determine the mass tlow rate.

1. Analog Control Systém

The digital mass flowmeter 100 provides considerable advantages over traditional,
analog mass flowmeters. For use in later discussion, Fig. 4 illustrates an analog control
system 400 of a traditional mass flowmeter. The sensors 48 each produce a voltage
signal, with signal V 49 being produced by sensor 48a and signal Vg being produced by
sensor 48b. Vo and Vpg correspond to the velocity of the loops relative to each other at
the positions of the sensors. Prior to processing, signals Vo and Vg are amplitied at
respective input amplifiers 405 and 410 to produce signals V41 and Vp;. To correct for
imbalances in the amplifiers and the sensors, input amplifier 410 has a varniable gain that
is controlled by a balance signal coming from a feedback loop that contains a
synchronous demodulator 415 and an mtegrator 420.

At the output of amplifier 4035, signal V4 1s of the form:
V., = V,simmot+ V. cost,

and, at the output of amplifier 410, signal Vg, 1s of the form:

Vi, = -V, sinot + V. cosot,
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where Vp and V¢ are, respectively, the drive voltage and the Coriolis voltage, and o 1s

the drive mode angular frequency.

Voltages Va1 and Vp; are differenced by operational amplhifier 425 to produce:

where Vpry corresponds to the drive motion and 1s used to power the drivers. In addition
to powering the drivers, Vpry 1s supplied to a positive going zero crossing detector 430

that produces an output square wave Fpgry having a frequency corresponding to that of
Vpryv (@ = 27Fprv). Fprv is used as the iput to a digital phase locked loop circuit 435.
Fpry also 1s supplied to a processor 440.

Voltages V4 and Vp; are summed by operational amplifier 445 to produce:

VCOR = VA] + VB] = ZVC COS CDt,

where Veor 1s related to the induced Coriolis motion.

Veor 18 supplied to a synchronous demodulator 450 that produces an output
voltage Vv that is directly proportional to mass by rejecting the components of Veor that
do not have the same frequency as, and are not in phase with, a gating signal Q. The

phase locked loop circuit 435 produces Q, which 1s a quadrature reference signal that has

the same frequency (®) as Vpry and 1s 90° out of phase with Vpry (i.€., in phase with
Vcor). Accordingly, synchronous demodulator 450 rejects frequencies other than ® so
that V corresponds to the amplitude of Vcor at ®. This amplitude 1s directly
proportional to the mass in the conduat.

Vu 1s supplied to a voltage-to-frequency converter 455 that produces a square
wave signal Fy; having a frequency that corresponds to the amplitude of Vy. The
processor 440 then divides Fy; by Fpry to produce a measurement of the mass flow rate.

Digital phase locked loop circuit 435 also produces a reference signal I that 1s in
phase with Vpry and is used to gate the synchronous demodulator 415 1n the feedback
loop controlling amplifier 410. When the gains of the mmput amplifiers 405 and 410
multiplied by the drive components of the corresponding 1mnput signals are equal, the
summing operation at operational amplifier 445 produces zero drive component (1.€., no
signal in phase with Vpry) in the signal Vcor. When the gains of the mmput amplifiers 405
and 410 are not equal, a drive component exists in Vcor. This drive component is
extracted by synchronous demodulator 415 and integrated by integrator 420 to generate
an error voltage that corrects the gain of input amplifier 410. When the gain 1s too high

or too low, the synchronous demodulator 415 produces an output voltage that causes the
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integrator to change the error voltage that modifies the gain. When the gain reaches the
desired value, the output of the synchronous modulator goes to zero and the error voltage

stops changing to maintain the gain at the desired value.

2. Digital Control System

Fig. 5 provides a block diagram of an implementation 500 of the digital mass
flowmeter 100 that includes the conduit 120, drivers 46, and sensors 48 of Figs. 2A and
2B, along with a digital controller 505. Analog signals from the sensors 48 are converted
to digital signals by analog-to-digital ("A/D") converters 510 and supplied to the
controller 505. The A/D converters may be implemented as separate converters, or as
separate channels of a single converter.

Digital-to-analog ("D/A") converters 515 convert digital control signals from the
controller 505 to analog signals for driving the drivers 46. The use of a separate drive
signal for each driver has a number of advantages. For example, the system may easily
switch between symmetrical and antisymmetrical drnive modes for diagnostic purposes. In
other implementations, the signals produced by converters 515 may be amplified by
amplifiers prior to being supplied to the drivers 46. In still other implementations, a
single D/A converter may be used to produce a drive signal applied to both drivers, with
the drive signal being inverted prior to being provided to one of the drivers to drive the
conduit 120 in the antisymmetrical mode.

High precision resistors 520 and amplifiers 525 are used to measure the current
supplied to each driver 46. A/D converters 530 convert the measured current to digital
signals and supply the digital signals to controller 505. The controller 505 uses the
measured currents in generating the driving signals.

Temperature sensors 535 and pressure sensors 540 measure, respectively, the
temperature and the pressure at the inlet 545 and the outlet 550 of the conduit. A/D
converters 555 convert the measured values to digital signals and supply the digital
signals to the controller 505. The controller 505 uses the measured values in a number of
ways. For example, the difference between the pressure measurements may be used to
determine a back pressure in the conduit. Since the stiffness of the conduit varies with
the back pressure, the controller may account for conduit stiffness based on the
determined back pressure.

An additional temperature sensor 560 measures the temperature of the crystal

oscillator 565 used by the A/D converters. An A/D converter 570 converts this
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temperature measurement to a digital signal for use by the controller 505. The
input/output relationship of the A/D converters varies with the operating frequency of the
converters, and the operating frequency varies with the temperature of the crystal
oscillator. Accordingly, the controller uses the temperature measurement to adjust the
data provided by the A/D converters, or in system calibration.

In the implementation of Fig. 5, the digital controller 505 processes the digitized
sensor signals produced by the A/D converters 510 according to the procedure 600
illustrated in Fig. 6 to generate the mass flow measurement and the drive signal supplied
to the drivers 46. Initially, the controller collects data from the sensors (step 605). Using
this data, the controller determines the frequency of the sensor signals (step 610),
eliminates zero offset from the sensor signals (step 615), and determines the amplitude
(step 620) and phase (step 625) of the sensor signals. The controller uses these calculated
values to generate the drive signal (step 630) and to generate the mass flow and other
measurements (step 635). After generating the drive signals and measurements, the
controller collects a new set of data and repeats the procedure. The steps of the procedure
600 may be performed serially or in parallel, and may be performed 1n varying order.

Because of the relationships between frequency, zero offset, amplitude, and phase,
an estimate of one may be used in calculating another. This leads to repeated calculations
to improve accuracy. For example, an initial frequency determination used in
determining the zero offset in the sensor signals may be revised using offset-eliminated
sensor signals. In addition, where appropriate, values generated for a cycle may be used

as starting estimates for a following cycle.

a. Data Collection

For ease of discussion, the digitized signals from the two sensors will be referred
to as signals SV and SV,, with signal SV coming from sensor 48a and signal SV,
coming from sensor 48b. Although new data 1s generated constantly, 1t 1s assumed that
calculations are based upon data corresponding to one complete cycle of both sensors.
With sufficient data buffering, this condition will be true so long as the average time to
process data is less than the time taken to collect the data. Tasks to be carried out for a
cycle include deciding that the cycle has been completed, calculating the frequency of the
cycle (or the frequencies of SV and SV3), calculating the amplitudes of SV and SV,
and calculating the phase difference between SV and SV,. In some implementations,

these calculations are repeated for each cycle using the end point of the previous cycle as
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the start for the next. In other implementations, the cycles overlap by 180° or other
amounts (e.g., 90°) so that a cycle 1s subsumed within the cycles that precede and follow
it.

Figs. 7A and 7B illustrate two vectors of sampled data from signals SV and SV,
which are named, respectively, svl in and sv2 in. The first sampling point of each
vector is known, and corresponds to a zero crossing of the sine wave represented by the
vector. For svl in, the first sampling point 1s the zero crossing from a negative value to a
positive value, while for sv2_in the first sampling point is the zero crossing from a
positive value to a negative value.

An actual starting point for a cycle (i.e., the actual zero crossing) will rarely
coincide exactly with a sampling point. For this reason, the imitial sampling points
(start sample SV1 and start sample SV2) are the sampling points occurring just before
the start of the cycle. To account for the difference between the first sampling point and
the actual start of the cycle, the approach also uses the position (start offset SV1 or
start offset SV2) between the starting sample and the next sample at which the cycle
actually begins.

Since there 1s a phase offset between signals SV, and SV,, sv]l 1n and sv2_1n may
start at different sampling points. If both the sample rate and the phase difference are
high, there may be a difference of several samples between the start of svl_1in and the
start of sv2 in. This difference provides a crude estimate of the phase oftset, and may be
used as a check on the calculated phase offset, which is discussed below. For example,
when sampling at 55 kHz, one sample corresponds to approximately 0.5 degrees of phase
shift, and one cycle corresponds to about 800 sample points.

When the controller employs functions such as the sum (A+B) and difference (A-
B), with B weighted to have the same amplitude as A, additional variables (e.g.,
start sample sum and start offset sum) track the start of the period for each function.
The sum and difference functions have a phase offset halfway between SV; and SV».

In one implementation, the data structure employed to store the data from the
sensors is a circular list for each sensor, with a capacity of at least twice the maximum
number of samples in a cycle. With this data structure, processing may be carried out on
data for a current cycle while interrupts or other techniques are used to add data for a

following cycle to the lists.
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Processing is performed on data corresponding to a full cycle to avoid errors when
employing approaches based on sine-waves. Accordingly, the first task 1n assembling
data for a cycle is to determine where the cycle begins and ends. When nonoverlapping

cycles are employed, the beginning of the cycle may be identified as the end of the

previous cycle. When overlapping cycles are employed, and the cycles overlap by 180°,
the beginning of the cycle may be identified as the midpoint of the previous cycle, or as
the endpoint of the cycle preceding the previous cycle.

The end of the cycle may be first estimated based on the parameters of the
previous cycle and under the assumption that the parameters will not change by more than
a predetermined amount from cycle to cycle. For example, five percent may be used as
the maximum permitted change from the last cycle's value, which 1s reasonable since, at
sampling rates of 55 kHz, repeated increases or decreases of five percent in amplhitude or
frequency over consecutive cycles would result in changes of close to 5,000 percent 1n
one second.

By designating five percent as the maximum permissible increase in amplitude
and frequency, and allowing for a maximum phase change of 5° in consecutive cycles, a
conservative estimate for the upper limit on the end of the cycle for signal SV, may be

determined as:

1
end sample SV1 <start sample SV1 300, _sample_rate
360 est_treq*0.95

where start sample SV1 is the first sample of svl in, sample rate 1s the sampling rate,
and est freq is the frequency from the previous cycle. The upper limit on the end of the
cycle for signal SV, (end sample SV2) may be determined similarly.

After the end of a cycle is identified, simple checks may be made as to whether
the cycle is worth processing. A cycle may not be worth processing when, for example,
the conduit has stalled or the sensor waveforms are severely distorted. Processing only
suitable cycles provides considerable reductions in computation.

One way to determine cycle suitability 1s to examine certain points of a cycle to
confirm expected behavior. As noted above, the amplitudes and frequency of the last

cycle give useful starting estimates of the corresponding values for the current cycle.

Using these values, the points corresponding to 30°, 150°, 210° and 330° of the cycle may
be examined. Ifthe amplitude and frequency were to match exactly the amphtude and

frequency for the previous cycle, these points should have values corresponding to
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est amp/2, est amp/2,
-est amp/2, and -est_amp/2, respectively, where est_amp 1s the estimated amplitude of a

signal (i.e., the amplitude from the previous cycle). Allowing for a five percent change 1n

both amplitude and frequency, inequalities may be generated for each quarter cycle. For
the 30° point, the inequality 1s

( A
svl 1n| start sample SV1+ o0, _sample Ik

. 360 est freq*1.05

>0.475%est amp SV

The inequalities for the other points have the same form, with the degree offset term

(x/360) and the sign of the est amp SV1 term having appropriate values. These

inequalities can be used to check that the conduit has vibrated 1n a reasonable manner.
Measurement processing takes place on the vectors svl in(start:end) and

sv2 1n(start:end) where:

start = min (start sample SV1, start sample SV2),and
end = max (end sample SV1,end sample SV2).

The difference between the start and end points for a signal 1s indicative of the frequency

of the signal.

b. Frequency Determination

The frequency of a discretely-sampled pure sine wave may be calculated by
detecting the transition between periods (i.e., by detecting positive or negative zero-
crossings) and counting the number of samples in each period. Using this method,
sampling, for example, an 82.2 Hz sine wave at 55 kHz will provide an estimate of
frequency with a maximum error of 0.15 percent. Greater accuracy may be achieved by
estimating the fractional part of a sample at which the zero-crossing actually occurred
using, for example, start offset SV1 and start offset SV2. Random noise and zero
offset may reduce the accuracy of this approach.

As illustrated 1n Figs. 8 A and 8B, a more refined method of frequency
determination uses quadratic interpolation of the square of the sine wave. With this
method, the square of the sine wave is calculated, a quadratic function 1s fitted to match

the minimum point of the squared sine wave, and the zeros of the quadratic function are
used to determine the frequency. If

sv, = Asin x, +0 + o€,
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