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VISCOSITY-CORRECTED FLOWMETER

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority to U.S. Application Serial No. 60/482,537, filed on
June 26, 2003, and titled CORIOLIS FLOWMETER USING INVISCID BUBBLE MODEL
FOR TWO PHASE FLOW, which is hereby incorporated by reference.

TECHNICAL FIELD

This description relates to flowmeters.

BACKGROUND

A Coriolis flowmeter is a type of flowmeter, where flowmeters, generally speaking,
provide information about materials being transferred through a conduit or flowtube. For
example, density meters, or densitometers, provide a measurement of the density of material
flowing through a conduit. Additionally, mass flowmeters provide a measurement of the
mass of material being transferred through a conduit by, for example, deriving the mass flow
measurement from an earlier density measurement and a volumetric flow measurement.
Other mass flowmeters may calculate mass flow directly.

Coriolis-type flowmeter systems calculate density and mass flow using the Coriolis
effect, in which material flowing through a rotating conduit is affected by a Coriolis force and
therefore experiences an acceleration. Many Coriolis mass flowmeter systems induce a
Coriolis force by sinusoidally oscillating a conduit about a pivot axis orthogonal to the length
of the conduit. In such mass flowmeters, the Coriolis reaction force experienced by the
traveling fluid mass is transferred to the conduit itself and is manifested as a deflection or

offset of the conduit in the direction of the Coriolis force vector in the plane of rotation.

SUMMARY
In one aspect, a digital flowmeter includes a vibratable conduit with a mixture of a
liquid and a gas flowing therethrough. A driver is connected to the conduit and operable to
impart motion to the conduit, and a sensor is connected to the conduit and operable to sense
the motion of the conduit. A digital transmitter is connected to the conduit and includes a
void fraction determination system configured to determine a gas void fraction of the

mixture, a viscosity determination system configured to determine a viscosity of the liquid in
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the mixture, and a flow parameter correction system operable to determine a flow parameter
associated with the flowing mixture, based on the gas void fraction and the viscosity.

Implementations may include one or more of the following features. For example, the
void fraction determination system may include a void fraction sensor, where the sensor may
be contact or non-contact. The viscosity determination system may include an in-line
viscometer or an off-line viscometer.

The viscometer may automatically sample the liquid from the mixture and determine
a viscosity of the liquid. Alternatively, the liquid may be manually sampled and for
determination of the viscosity. The viscosity determination system may be operable to
determine a viscosity correction factor for use by the flow parameter correction system in
determining the flow parameter.

The flow parameter correction system may include a mathematical model of liquid-
gas flow. In this case, the mathematical model may include a bubble model in which the gas
is assumed to form bubbles within the liquid, and may include a curve fit model.

The flow parameter correction system may be operable to correct errors in an
apparent density or apparent mass flow rate detected by the digital flowmeter. The flow
parameter correction system may include a mathematical model of liquid-gas flow for
correcting errors in an apparent mass flow rate detected by the digital flowmeter. Such a
model may include, for example, a bubble model in which the gas is assumed to form bubbles
within the liquid, or a curve fit model.

The digital transmitter may include a self-contained modular unit, and may be
operable to communicate with external devices and systems including a central control
system.

According to another aspect, a digital transmitter includes a transceiver configured to
send signals to, and receive signals from, sensors monitoring a vibrating flowtube and a
liquid-gas mixture flowing therein. The digital transmitter also includes an apparent flow
parameter determination system that is operable to generate apparent flow parameter values
of the mixture from the signals, and a flow parameter correction system operable to correct
the apparent flow parameter values, based on a viscosity of the liquid within the liquid-gas
mixture.

Implementations may include one or more of the following features. For example, a
viscosity determination system may be included that is operable to determine the viscosity,
and is further operable to determine a viscosity correction factor based on the viscosity for

use by the flow parameter correction system.
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The digital transmitter may include a void fraction determination system that is
operable to determine a void fraction of the gas within the liquid-gas flow, where the flow
parameter correction system may be operable to correct the apparent flow parameter values,
based on the void fraction.

The flow parameter correction system may include a mathematical model for
correcting an apparent density generated by the apparent flow parameter system. The
mathematical model may include a bubble model that assumes bubble flow of the gas within
the liquid of the liquid-gas mixture. In addition, the mathematical model may include a curve
fit model.

The flow parameter correction system may include include a mathematical model for
correcting an apparent mass flowrate generated by the flow parameter system. The
mathematical model may include a bubble model that assumes bubble flow of the gas within
the liquid of the liquid-gas mixture. In addition, the mathematical model may include a curve
fit model.

In another aspect, an apparent flow parameter of a liquid-gas mixture flowing through
a vibrating flowtube is determined, and a viscosity of the liquid is determined to thereby
determine a viscosity correction factor. An error in the apparent flow parameter may be
determined, based upon the viscosity correction factor, and the error in the apparent flow
parameter may be corrected.

Implementations may include one or more of the following features. For example, in
determining the apparent flow parameter, an apparent density or mass flowrate of the mixture
may be determined by observing the deflection of the vibrating flowtube. The viscosity may
be determined by exposing an in-line viscometer to the liquid, or by providing a sample of
the liquid to a viscometer. The viscosity correction factor may be determined using a bubble
model that assumes that the gas within the liquid-gas mixture is contained as bubbled within
the mixture. The model may include using a curve fit to correct the error.

The details of one or more implementations are set forth in the accompanying
drawings and the description below. Other features will be apparent from the description and

drawings, and from the claims.

DESCRIPTION OF DRAWINGS
FIG. 1A is an illustration of a Coriolis flowmeter using a bent flowtube.
FIG 1B is an illustration of a Coriolis flowmeter using a straight flowtube.
FIG. 2 is a block diagram of a Coriolis flowmeter configured for liquid-gas flow.
3
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FIG. 3 is a flowchart illustrating a process for correcting density and/or mass flow
measurement in a two-phase flow.

FIG. 4 is an example of two-phase flow in a flowtube.

FIG 5 is a graph of a viscosity correction factor.

FIG. 6 is a graph comparing predicted values using a bubble model with experimental
results,

FIG. 7 is a graph comparing mass flow error with the drop in density for a series of set
liquid flows versus the predicted error.

FIG. 8 is a map representing gas-liquid flow regimes representing the flow conditions
used in testing the model.

FIG. 9 is a graph comparing a ratio of an actual density to a measured density.

FIG. 10 is a graph comparing a ratio of an actual mass flow rate to a measured mass

flowrate.

DETAILED DESCRIPTION

In general, the term flowtube as used herein refers to the flowtube and any associated
mechanical parts, drivers, and sensors, while the term “transmitter” refers to the electronics
for producing drive signals to control the flowtube oscillations and calculating the properties
of the material flowing through the flowtube based on signals received from the sensors.
Additionally, the term Coriolis flowmeter may generally refer to a combination of flowtube
and transmitter.

U.S. Patent 6,311,136, which is hereby incorporated by reference, discloses the use of
a digital flowmeter system and related technology. Such digital flowmeter systems are very
precise in their measurements, with little or negligible noise, and are capable of enabling a
wide range of positive and negative gains at the driver circuitry for driving the conduit. Such
digital flowmeter systems are thus advantageous in a variety of settings. For example, U.S.
Patent 6,505,519 discloses the use of a wide gain range, and/or the use of negative gain, to
prevent stalling and to more accurately exercise control of the flowtube.

A digital transmitter exchanges sensor and drive signals with its associated conduit or
flowtube, so as to both sense an oscillation of the flowtube, and to drive the oscillation of the
flowtube accordingly. By quickly and accurately determining the sensor and drive signals,
the digital transmitter may provide for fast and accurate operation of the flowtube in

determining characteristics of the flow including a mass flow rate of the flow.
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Although digital flowmeter systems are discussed above, it should be understood that
analog Coriolis flowmeter systems also exist. Although such analog flowmeters may be
prone to typical shortcomings of analog circuitry, e.g., low precision and high noise
measurements relative to digital flowmeters, they also may be compatible with the various
techniques and implementations discussed herein. Thus, in the following discussion, the term
“flowmeter” or “meter” is used to refer to any type of device and/or system in which a
Coriolis flowmeter system uses various control systems and related elements to measure a
mass flow, density, and/or other parameters of a material(s) moving through a flowtube or
other conduit.

FIG. 1A is an illustration of a digital flowmeter using a bent flowtube 102.
Specifically, the bent flowtube 102 may be used to measure one or more physical
characteristics of, for example, a (traveling) fluid, as referred to above. In FIG. 1A, a digital
transmitter 104 exchanges sensor and drive signals with the bent flowtube 102, so as to both
sense an oscillation of the bent flowtube 102, and to drive the oscillation of the bent flowtube
102 accordingly. By quickly and accurately determining the sensor and drive signals, the
digital transmitter 104, as referred to above, provides for fast and accurate operation of the
bent flowtube 102. Examples of the digital transmitter 104 being used with a bent flowtube
are provided in, for example, commonly-assigned U.S. Patent 6,311,136.

FIG. 1B is an illustration of a digital flowmeter using a straight flowtube 106. More
specifically, in FIG. 1B, the straight flowtube 106 interacts with the digital transmitter 104.
Such a straight flowtube operates similarly to the bent flowtube 102 on a conceptual level,
and has various advantages/disadvantages relative to the bent flowtube 102, For example, the
straight flowtube 106 may be easier to (completely) fill and empty than the bent flowtube
102, simply due to the geometry of its construction. In operation, the bent flowtube 102 may
operate at a frequency of, for example, 50-110 Hz, while the straight flowtube 106 may
operate at a frequency of, for example, 300-1,000Hz.

Referring to FIG. 2, in one implementation, a digital mass flowmeter 200 includes a
digital transmitter 104. The digital transmitter 104 may be implemented using one or more
of, for example, a processor, a Digital Signal Processor (DSP), a field-programmable gate
array (FPGA), an ASIC, other programmable logic or gate arrays, or programmable logic
with a processor core. The digital flowmeter also may include one or more motion sensors
205, one or more drivers 210, and a flowtube 215 (which also may be referred to as a conduit,
and which may represent either the bent flowtube 102, the straight flowtube 106, or some

other type of flowtube). Addiﬁonal sensors may be included and may include a temperature
5
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sensor 220, a pressure sensor 225, an in-line viscometer 230, and a gas void fraction sensor
235. The gas void fraction sensor 235 may be used when a fluid flow through the flowtube
215 includes both a liquid and a gas, such as, for example, a liquid containing air bubbles.
This condition is also referred to as “two-phase flow.”

Various techniques exist for measuring the gas void fraction. For example, various
sensors or probes exist that may be inserted into the flow to determine a gas void fraction. As
another example, a venturi tube (i.e., a tube with a constricted throat that determines fluid
pressures and velocities by measurement of differential pressures generated at the throat as a
fluid traverses the tube), relying on the fact that gas generally moves with a higher velocity
than liquid(s) through a restriction, may be used to determine a pressure gradient and thereby
allow a determination of the gas void fraction. In some systems, measurements of gas void
fractions may be obtained using equipment (e.g., the gas void fraction sensor 235) that is
wholly external to the flowtube. For example, sonar measurements may be taken to
determine gas void fraction. As a specific example of such a sonar-based system, the
SONARftracTM gas void fraction monitoring system produced by CiDRA Corporation of
Wallingford, Connecticut may be used.

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

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

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

It should be understood that both the pressure of the fluid entering the flowtube 215
and the pressure drop across relevant points on the flowtube may be indicators of certain flow

conditions. Also, while external temperature sensors may be used to measure the fluid
6
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temperature, such sensors may be used in addition to an internal flowmeter sensor designed
to measure a representative temperature for flowtube calibrations. Also, some flowtubes use
multiple temperature sensors for the purpose of correcting measurements for an effect of
differential temperature between the process fluid and the environment (e.g., a case
temperature of a housing of the flowtube).

The digital transmitter 104 can include a variety of measurement and calculation
systems. For example, the digital transmitter can include an apparent density and mass flow
rate determination system 265. The system 265 can generate raw (1.e., uncorrected) values
for the density and mass flow rate of the two-phase flow in flowtube 215 for any of several
parameters that may affect the true value of these characteristics. For example, the
temperature can affect the value of density for both the liquid phase and the gas phase. Also,
two-phase flow itself may result in incorrect apparent readings for density or mass flow.

The apparent density and mass flowrate can be corrected by the density correction
system 240 and the mass flow rate correction system 250, as discussed in more detail below.
The density correction database 245 and the mass flow rate correction 255 database should be
understood to contain, for example, values generated by the correction systems 240 and 250,
based upon corrections taking into account any of a number of parameters including, for
example, temperature, pressure, void fraction, and viscosity.

FIG. 2 represents one implementation that includes a void fraction determination
system 260, a viscosity determination system 270, and a liquid phase density determination
system 280. Each of these systems may represent, for example, systems that interpret actual
sensor data and generate values of the parameter to feed the correction systems 240 and 250,
or, as another example, they may represent systems that generate the parameter data from
stored information, or by comparing the stored information to the data gathered or input for
other physical parameters. For example, in one embodiment the liquid phase density system
280 can produce a value for the density of water at a specific temperature and pressure based
on the measured values of temperature and pressure from sensors 220 and 225, and/or from
tabular data for water stored in system 280.

In another implementation, a sample of the process liquid can be brought to the actual
operating pressure and temperature, and the density can be measured off-line using a
densitometer or other device known to those skilled in the art of density determination, and
the determined value can be returned to the transmitter 104 either by the system 280 or by
physical input of the data. Thus, the parameter determination systems may include off-line

measurement systems or in-line determination systems, and may include systems that connect
7
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online devices to the transmitter 104. Such connections can be any of the well- known data
transfer connections such as, for example, direct wire connections, wireless connections
including optical and RF connections, modem connections, DSL, cable and any other
methods of transferring data between two devices.

In one implementation, FIG. 2 includes the in-line viscometer 230 for determining the
liquid viscosity in cooperation with the viscosity determination system 270. The liquid
viscosity could be determined by the determination system 270 and an off-line viscometer or
rheometer, or could be calculated based on other known physical data, or taken from
previously tabulated data.

Liquid viscosity may be accounted for when monitoring and measuring two-phase
gas-liquid flow as discussed herein. The digital transmitter 104 may then correct the initially
calculated output values for density and mass flow rate, using density and mass flowrate
correction systems 240 and 250. For example, systems 240 and 250 may have correction
models programmed into them. These correction models can be calculable mathematical
models, as discussed in more detail below. The correction models also may include historical
curve fit models stored in the systems 240 and 250 or can be a combination of a curve fit
model and a mathematical model. For example, a correction model may be implemented for
conditions where curve fitting data is either not available or where the curve fit is no longer
an accurate representation of an existing flow regime, while the curve fit is used where it is
accurate and available. Additionally, the models may be used simultaneously, producing
multiple corrected values for density and flowrate

As referred to above, a Coriolis flowmeter may, by means of resonant frequency,
determine the density of a process fluid in the flowtube 215. That is, an accurate bulk density
of the process fluid can typically be determined. In some situations, the process fluid is a
binary mixture of two materials, such as, for example, oil and water. In such cases, also
referred to as “two-phase flows,” a relative percentage of each constituent may be determined
using, for example, an algebraic sum or an algorithm relating density to composition.

Another example of two-phase flow includes a liquid-gas flow, in which the gas
forms bubbles flowing within the liquid and through the flowtube. In this case, the density
and mass flow solutions become more complex, and error may be introduced in calculating
the mass flow and density as a result of operating difficulties and measurement errors.
Accordingly, as referred to above, a model may be constructed that assumes such bubble flow
and that accounts for, for example, a gas void fraction resulting from the bubble flow and/or a

viscosity of the liquid within the two-phase flow.
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FIG. 3 is a flowchart illustrating a process for correcting density and/or mass flow
measurement in a two-phase flow. In FIG. 3, first it is determined that two-phase, liquid-gas
flow exists within the flow meter (302), which can be determined, for example, through
observation, or by monitoring the gas void fraction sensor 235 and observing the values for
gas void fraction generated.

The liquid phase viscosity is determined (304), as well as the liquid phase density
(306) and the gas void fraction (308), using, for example, the corresponding sensors and
systems discussed above with respect to FIG. 2. Some of these parameters may be dependent
on other additional parameters such as temperature or pressure, which can also be measured
or calculated using, for example, the systems and sensors of FIG. 2. The viscosity may then
be used to determine a viscosity correction factor (309), referred to as the factor “F” below.

When an apparent density or mass flow rate is determined (310), then, the correction
factor F and some or all of the other determined parameters may be used to determine an
error in the apparent values (312). As aresult, a corrected density and mass flow rate may be
determined (314).

The following discussion provides examples of techniques for implementing the
systems and techniques of FIGS. 2 and 3. In particular, a mathematical model is described
and derived that may be used with the systems and techniques of FIGS. 2 and 3 to correct
flowmeter measurements for density and mass flow during a two-phase, liquid-gas flow in
the flowmeter.

FIG. 4 indicates a short section of Coriolis mass flowmeter tube 400 through which
two-phase flow is taking place indicated by bubbles 405 and liquid 410. The tube is
undergoing a small amplitude sinusoidal vibration in the z direction (the displacement being
the distance z from the static equilibrium position of the tube). It is assumed that the
vibrational frequency is so high that during one cycle of vibration the interfaces between the
phases do not change geometrically and move along the tube over a small distance compared
to the length of the tube section. The inertia reaction forces can thus be calculated as if the
gas/liquid mixture was suspended in its motion along the tube (i.e. disregarding gravitational
forces and surface tension, and flow). Taking coordinates moving with the tube, each liquid
element dV experiences an inertia force —odVz (— pdVZ) in the z-direction giving rise to a
small vibrational flow of the liquid and a corresponding reaction force Fr, on the tube:

Fin=-pzAm (pid, ) or in the complex notation Fr, = pw*zAr per unit length

of the tube m, which reduces to
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A=A the tubes internal cross-sectional area, for single-phase flow.

Considering the same section of flowtube and taking the coordinates moving up and
down and turning with the tube, the reaction force to the Coriolis force field in the liquid can
be derived to be:

F= -12pwvdz/0sA,

where v is the mean flow velocity related to the total volumetric flow rate Q. by:

Qu=(1-0jv4

Because in Coriolis flow meters velocity distribution effects are known to be very
small, A; dependence on liquid velocity distribution is negligible. Thus, A, is the same as if v
was everywhere constant and equal to the mean v. This results in the inertia and Coriolis
forces being uniform throughout the liquid so that the effective areas are equal.

A=A to a good approximation.

Considering a small mass-less bubble in a liquid filled container undergoing simple
harmonic motion in the z-direction, a linear fluid mechanics treatment of the problem results
in the reaction force of the bubble on the container results in:

F,= -4/3ma’pw’sF
where a is the bubble radius, p is the liquid density, w is the angular frequency of the
harmonic motion (= 27f), z is the displacement amplitude in the +ve z-direction and F, i.e.,
the viscosity correction factor discussed above with respect to FIG. 3, is a factor depending
only on the non-dimensional complex constant‘ ¢ given by:

$=-a/6(-1+1)

where

&= (Q2vlw)*?

7 being the kinematic viscosity of the liquid. The expression of F in terms of & is

- % SR Q) -C @ +LHE) +2(f, (D) +E £, (6)

F 7'=1+§2
%(— G +126)2£10) - G f1Q) + SO+ 4L fIQ + E Q) + 2£,)
(1)
where
_e B (R L I B
o @) z /@) ( I +€4 +C5J (2)
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and a prime denotes ‘the derivative of’.

The real and imaginary parts F, and F;of F are plotted in FIG 5 as a function of /8.
In the zero viscosity limit v— 0, F =3 so that F, becomes three times the volume of the
bubble times — pw’z (=p%). In the extreme limit of very high viscosity v —>w, F=1,

Modeling bubble flow in a Coriolis flowmeter tube as a number of small non-
interacting bubbles moving with the liquid at one speed (no bubble slip velocity), the inertia

reaction force F,, on the tube section due to the liquid and a single bubble inside it is

F, =pVo’z »«%nﬁpmzzF

where V is the volume of the tube section interior. The inertia reaction force due to several

bubbles in the tube section is

g'na

4_ 3
E}j:prz{l-Z > FJ

where the sum extends over all the bubbles in the tube section. In the summation, ¢ and F

depend on bubble size. In terms of void fractions o, for bubbles of radius a,, n=12,3..N

n?2

results in

N
F, = pAoazz(l -y oc,,F,,] per unit length of tube

n=l1
where A is the internal area of cross-section of the tube. Then an effective area for inertia

may be written as

N
Am :[1 - Za‘n‘Fn jA

n=l1

also giving the effective area 4, .

Two extreme conditions are described below for the sake of illustration.

1. When viscosity tends to zero, F, —3 and the effective area becomes (1-3c)4

with

i1
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F, =pw’z4, = po*z(1-3a)4 per unit length of tube

F, = —z'Za)pvgi 4, = ~i2a)pv—gE (1-3a)A4 per unit length of tube
s s

Therefore (before any correction) the meter measures apparent density p, and
apparent mass flow rate m, given by

P, =p(l—3a)
: @3).

#, =pvA(l —3a)

If it is assumed that the density p of the liquid is known and that an apparent density
measurement is made by the meter then the density error is given by

E, = Pa=P_,,

p
Since the true mass flow rate is given by
m=p(l—o)vA
the mass flow fractional error (neglecting the mass of the gas) E,, is

P _ 1y —-n'z= 20

i /7] l-o

2. In the extreme case of very tiny bubbles or very viscous liquid F, —1 for all n and
A, =4, =(1-a)d

The reaction forces are

En = pmzz(l - a)A

F = —i2a)pv§Z— (1-a)4
Os

The apparent density and apparent mass flow rate are given by

P, =({1-0)p
m, =pvA(l—o)

giving:

E,=«a

E,=0.
This suggests that, with the gas density negligible compared with that of the liquid, the
density and mass flow registered by the Coriolis meter is the density and mass flow of gas

and liquid mixture being homogeneous and with no slip between the phases.
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FIG. 6 is a graph comparing predicted values using the bubble model just described
with experimental results. As can be seen from the graph the bubble model correlates
reasonably with the experimental results, and results in a significant drop in the mass flow
measurement error. For example, at a flow rate of 1.5 kg/s and a void fraction of 3.3% the
measurement error is reduced from about 10% without the viscosity correction to about 3%
with the correction. Similarly, for a void fraction of about 6.7%, the mass flow rate
measurement error is reduced from about 19% to about 5%.

FIG. 7 is a graph comparing mass flow error with the drop in density for a series of set
liquid flows versus the predicted error from the viscosity corrected model. As can be seen,
the mass flow error is small for small gas void fractions of up to about 5%.

FIG. 8 is a map representing gas-liquid flow regimes used in testing the model. In
FIG 8, test conditions are shown under which experiments described herein were generally
conducted. However, it should be understood that the results described herein may be
generally applicable to other conditions and/or flow regimes.

FIG 9 is a graph comparing a ratio of an actual density to a measured density, and
FIG. 10 is a graph comparing a ratio of an actual mass flow rate to a measured mass flowrate.
In FIGS. 9 and 10, superficial liquid and gas velocities are illustrated.

A number of implementations have been described. Nevertheless, it will be
understood that various modifications may be made. For example, additional methods of
measurement, and types of sensors could be used, and other correction models may be used.

Accordingly, other implementations are within the scope of the following claims.
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WHAT IS CLAIMED IS:

1. A digital flowmeter comprising:

a vibratable conduit with a mixture of a liquid and a gas flowing therethrough;
a driver connected to the conduit and operable to impart motion to the conduit;
a sensor connected to the conduit and operable to sense the motion of the
conduit; and

a digital transmitter connected to the conduit and comprising,

a void fraction determination system configured to determine a gas
void fraction of the mixture;

a viscosity determination system configured to determine a viscosity of
the liquid in the mixture; and

a flow parameter correction system operable to determine a flow
parameter associated with the flowing mixture, based on the gas void fraction
and the viscosity.

2. The digital flowmeter of claim 1 wherein the void fraction determination system
comprises a void fraction sensor.

3. The digital flowmeter of claim 1 wherein the viscosity determination system
comprises an in-line viscometer.

4. The digital flowmeter of claim 1 wherein the viscosity determination system
comprises an off-line viscometer.

5. The flowmeter of claim 4 wherein the viscometer automatically samples the liquid
from the mixture and determines a viscosity of the liquid.

6. The flowmeter of claim 4 wherein the liquid is manually sampled and the viscosity
is determined.

7. The flowmeter of claim 1 wherein the viscosity determination system is operable
to determine a viscosity correction factor for use by the flow parameter correction system in
determining the flow parameter.

8. The digital flowmeter of claim 1 wherein the flow parameter correction system
comprises a mathematical model of liquid-gas flow.

9. The digital flowmeter of claim 8 wherein the mathematical model comprises a
bubble model in which the gas is assumed to form bubbles within the liquid.

10. The digital flowmeter of claim 9 wherein the mathematical model further

comprises a curve fit model.

14



WO 2005/003690 PCT/US2004/020013

11. The digital flowmeter of claim 1 wherein the flow parameter correction system is
operable to correct errors in an apparent density detected by the digital flowmeter.

12. The digital flowmeter of claim 1 wherein the flow parameter correction system
comprises a mathematical model of liquid-gas flow for correcting errors in an apparent mass
flow rate detected by the digital flowmeter.

13. The digital flowmeter of claim 12 wherein the mathematical model comprises a
bubble model in which the gas is assumed to form bubbles within the liquid.

14. The digital flowmeter of claim 13 wherein the mathematical model further
comprises a curve fit model.

15. The digital flowmeter of claim 1 wherein the flow parameter correction system
corrects errors in an apparent mass flowrate detected by the digital flowmeter.

16. The digital flowmeter of claim 1 wherein the digital transmitter comprises a self-
contained modular unit.

17. The digital flowmeter of claim 1 wherein the digital transmitter is operable to
communicate with external devices and systems.

18. The digital flowmeter of claim 17 wherein the digital transmitter is operable to
communicate with a central control system.

19. A digital transmitter comprising:

a transceiver configured to send signals to, and receive signals from, sensors
monitoring a vibrating flowtube and a liquid-gas mixture flowing therein;

an apparent flow parameter determination system to generate apparent flow parameter
values of the mixture from the signals; and

a flow parameter correction system operable to correct the apparent flow parameter
values, based on a viscosity of the liquid within the liquid-gas mixture.

20. The transmitter of claim 19 further comprising a viscosity determination system
that is operable to determine the viscosity, and further operable to determine a viscosity
correction factor based on the viscosity for use by the flow parameter correction system.

21. The transmitter of claim 19 further comprising a void fraction determination
system that is operable to determine a void fraction of the gas within the liquid-gas flow,
wherein the flow parameter correction system is operable to correct the apparent flow
parameter values, based on the void fraction.

22. The transmitter of claim 19 wherein the flow parameter correction system
comprises a mathematical model for correcting an apparent density generated by the apparent
flow parameter system.

15



WO 2005/003690 PCT/US2004/020013

23. The transmitter of claim 22 wherein the mathematical model comprises a bubble
model that assumes bubble flow of the gas within the liquid of the liquid-gas mixture.

24. The transmitter of claim 23 wherein the mathematical model further comprises a
curve fit model.

25. The transmitter of claim 19 wherein the flow parameter correction system
comprises a mathematical model for correcting an apparent mass flowrate generated by the
flow parameter system.

26. The transmitter of claim 25 wherein the mathematical model comprises a bubble
model that assumes bubble flow of the gas within the liquid of the liquid-gas mixture.

27. The transmitter of claim 26 wherein the mathematical model further comprises a
curve fit model.

28. A method comprising:

determining an apparent flow parameter of a gas-liquid mixture flowing through a
vibrating flowtube;

determining a viscosity of the liquid;

determining a viscosity correction factor;

determining an error in the apparent flow parameter, based upon the viscosity
correction factor; and

correcting the error in the apparent flow parameter.

29. The method of claim 28 wherein determining the apparent flow parameter
comprises determining an apparent density or mass flowrate of the mixture by observing a
deflection of the vibrating flowtube.

30. The method of claim 28 wherein determining the viscosity of the liquid
comprises exposing an in-line viscometer to the liquid.

31. The method of claim 28 wherein determining the viscosity of the liquid
comprises providing a sample of the liquid to a viscometer.

32. The method of claim 28 wherein determining a viscosity correction factor
comprises calculating a correction factor using a bubble model that assumes that the gas
within the liquid-gas mixture is contained as bubbled within the mixture.

33. The method of claim 28 wherein correcting the error in the apparent flow

parameter comprises using a curve fit to correct the error.
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