
VIBRATORY FLOW METER FOR DETERMINING ONE OR MORE FLOW
FLUID CHARACTERISTICS OF A MULTI-PHASE FLOW FLUID
Background of the Invention 1. Field of the Invention
The present invention relates to a vibratory flow
meter, and more particularly, to a vibratory flow
meter for determining one or more flow fluid
characteristics of a multi phase flow fluid. 2.
Statement of the Problem Vibratory flow meters, such
as Coriolis mass flow meters and vibratory
densitometers, typically operate by detecting motion
of a vibrating conduit that contains a flowing or non-
flowing fluid. Properties associated with the material
in the conduit, such as mass flow, density and the
like, can be determined by processing measurement
signals received from motion transducers associated
with the conduit. The vibration modes of the vibrating
material-filled system generally are affected by the
combined mass, stiffness and damping characteristics
of the containing conduit and the material contained
therein. A typical vibratory flow meter includes one
or more conduits that are connected inline in a
pipeline or other transport system and convey
material, e.g., fluids, slurries and the like, in the
system. A conduit may be viewed as having a set of
natural vibration modes, including for example, simple
bending, torsional, radial, and coupled modes. In a
typical measurement application, a conduit is excited
in one or more vibration modes as a material flows
through the conduit and motion of the conduit is
measured at points spaced along the conduit.
Excitation is typically provided by an actuator, e.g.,
an electromechanical device, such as a voice coil-type
driver, that perturbs the conduit in a periodic
fashion. Fluid density may be obtained by determining
a resonant frequency of the flow fluid. Mass flow rate
may be determined by measuring time delay or phase
differences between motions at the transducer
locations. Two such transducers (or pickoff sensors)
are typically employed in order to measure a
vibrational response of the flow conduit or conduits,
and are typically located at positions upstream 



and downstream of the actuator. The two pickoff
sensors are connected to electronicinstrumentation by
cabling, such as by two independent pairs of wires.
The instrumentation receives signals from the two
pickoff sensors and processes the signals in order to
derive a mass flow rate measurement. Flow meters are
used to perform mass flow rate and/or density
measurements for a wide variety of fluid flows and
offer high accuracy for single phase flows. One area
in which vibratory flow meters are used is in the
metering of oil and gas well outputs. The product of
such wells can comprise a multi-phase flow, including
liquids but also including gases and/or solids that
can be entrained in the flow fluid. An oilfield flow
fluid therefore can include oil, water, air or other
gases, and/or sand or other soil particulates, for
example. However, when a vibratory flow meter is used
to measure flow fluids including entrained gases
and/or solids, the accuracy of the meter can be
significantly degraded. It is highly desirable that
the resulting metering be as accurate as possible,
even for such multi-phase flows. The multi-phase flow
fluids can include entrained gases, especially bubbly
gas flows. The multi-phase flows can include entrained
solids or entrained solid particles, mixtures such as
concrete, etc. Further, multi-phase flows can include
liquids of different densities, such as water and
petroleum components, for example. The phases may have
different densities, viscosities, or other properties.
In a multi-phase flow, the vibration of a flow conduit
does not necessarily move the entrained gases/solids
completely in phase with the flow fluid. This
vibrational anomaly is referred to as decoupling or
slippage. Gas bubbles, for example, can become
decoupled from the flow fluid, affecting the
vibrational response and any subsequently derived flow
characteristics. Small bubbles typically move with the
flow fluid as the flow meter is vibrated. However,
larger bubbles do not move with the flow fluid during
vibration of the flow conduit. Instead, the bubbles
can be decoupled from the flow fluid and can move
independently, with entrained gas bubbles moving
farther and faster than the flow fluid during each
vibrational movement. This adversely affects the
vibrational response of the flowmeter. This is also
true of solid particles entrained in the flow fluid,
where the solid particles are increasingly likely to
decouple from the motion of the flow 



fluid at increasing particle sizes or vibrational
frequencies. The decoupling may even occur where the
multi-phase flow includes liquids of differing
densities and/or viscosities. The decoupling action
has been found to be affected by various factors,such
as the viscosity of the flow fluid and the difference
in density between the flow fluid and the foreign
material, for example. In addition to problems caused
by the relative motion of bubbles and particles,
Coriolis meters can experience accuracy degradation
from speed of sound (SOS), or compressibility, effects
when the sonic velocity of the measurement fluid is
low or the oscillation frequency of the meter is high.
Liquids have higher sonic velocities than gases, but
the lowest velocities result from a mixture of the
two. Even a small amount of gas entrained in a liquid
results in a dramatic reduction in the speed of sound
of the mixture, below that of either phase. The
oscillation of the flow tube produces sound waves that
oscillate in the transverse direction at the drive
frequency of the meter. When the speed of sound of the
fluid is high, as in a single phase fluid, the first
acoustic mode for transverse sound waves across the
circular conduit is at a much higher frequency than
the drive frequency. However, when the speed of sound
drops due to the addition of gas to a liquid, the
frequency of the acoustic mode also drops. When the
frequency of the acoustic mode and the drive mode are
close, meter errors result due to the off-resonance
excitation of the acoustic mode by the drive mode. For
low frequency meters and typical process pressures,
velocity of sound effects are present in multiphase
flows but are usually negligible with respect to the
specified accuracy of the meter. However, for high
frequency Coriolis meters operating at low pressures
with bubbly fluids, the velocity of sound can be low
enough to cause significant measurement errors due to
interaction between the drive and fluid vibration
modes. The size of the bubbles can vary, depending on
the amount of gas present, the pressure of the flow
fluid, temperature, and the degree of mixing of the
gas into the flow fluid. The extent of the decrease in
performance is not only related to how much total gas
is present, but also to the size of the individual gas
bubbles in the flow. The size of 



the bubbles affects the accuracy of the measurement.
Larger bubbles occupy more volume and decouple to a
further extent, leading to fluctuations in the density
and measured density of the flow fluid. Due to the
compressibility of a gas, the bubbles can change in
gas amount, or mass, yet not necessarily change in
size. Conversely, if the pressure changes, the bubble
size can correspondingly change, expanding as
thepressure drops or shrinking as the pressure
increases. This can also cause variations in the
natural or resonant frequency of the flow meter. Prior
art vibratory flow meters are typically designed for
operating frequencies around 100 to 300 Hertz (Hz),
with some meters operating at frequencies between 500
and 1,000 Hz. The operating frequency in a prior art
vibratory flow meter is typically chosen in order to
facilitate the flow meter design, production, and
operation. For example, a prior art vibratory or
Coriolis flow meter is configured to be physically
compact and substantially uniform in dimensions. For
example, a height of a prior art flow meter is
typically less than the length, giving a low
height-to-length aspect ratio (H/L) and a
corresponding high drive frequency. Flow meter users
prefer a small overall size so that installation is
simplified. Further, flow meter design commonly
assumes a uniform, single-phase fluid flow and is
designed to optimally operate with such a uniform flow
fluid. In the prior art, flow meters typically have a
low height-to-length aspect ratio (H/L). A straight
conduit flow meter has a height-to-length aspect ratio
of zero, which typically produces a high drive
frequency. Bowed flow conduits are often used to keep
the length from being the dominant dimension and will
increase the height-to-length aspect ratio (H/L).
However, prior art flow meters are not designed with
high aspect ratios. A curved or bowed conduit flow
meter in the prior art may have a height-tolength
aspect ratio approaching 1.3, for example. There
remains a need in the art for a vibratory flow meter
that is capable of accurately and reliably measuring
multi-phase flow fluids. Aspects of the Invention In
one aspect of the invention, a vibratory flow meter
for determining one or more flow fluid characteristics
of a multi-phase flow fluid comprises: 



a flow meter assembly including one or more flow
conduits with the flow meter assembly being configured
to generate a very low frequency response that is
below a predetermined minimum decoupling frequency for
the flow fluid and to generate a very high frequency
response that is above a predetermined maximum
decoupling frequency for the flow fluid, independent
of the foreign material size or the foreign material
composition; andmeter electronics coupled to the flow
meter assembly and configured to receive one or more
very low frequency vibrational responses and one or
more very high frequency vibrational responses and
determine the one or more flow fluid characteristics
from the one or more very low frequency vibrational
responses and the one or more very high frequency
vibrational responses. Preferably, the meter
electronics is configured such that a decoupling ratio
(Ap/Af) is about 1:1 for the very low frequency and is
configured such that a decoupling ratio (Ap/Af) is
about 3:1 for entrained gas at the very high frequency
and is about equal to 3/(1 + (2 * Pp/pf)) for
entrained solids at the very high frequency.
Preferably, the meter electronics is configured such
that a viscosity is effectively infinity with regard
to particle motion for the flow fluid at the very low
frequency and is configured such that a viscosity is
effectively zero with regard to particle motion for
the flow fluid at the very high frequency. Preferably,
the very low frequency is below a predetermined
minimum SOS/compressibility threshold, independent of
a foreign material size or a foreign material
composition. Preferably, the very low frequency
vibrational response corresponds to an inverse Stokes
number (d) that is above about 3.5 and the very high
frequency vibrational response corresponds to an
inverse Stokes number (d) that is less than about 0.1.
Preferably, the one or more flow conduits are
configured to achieve the very low frequency and the
very high frequency by configuration of one or more of
a flow conduit stiffness, flow conduit length, flow
conduit aspect ratio, flow conduit material, flow
conduit thickness, flow conduit shape, flow conduit
geometry, or one or more 



vibrational node positions. Preferably, the vibratory
flow meter is configured to operate at a first bending
mode and higher bending mode frequencies. Preferably,
the vibratory flow meter is operated at a plurality of
frequencies to generate a plurality of vibrational
responses, wherein the plurality of vibrational
responses are compared in order to determine an
approximate onset of multi-phase effects.Preferably,
the flow meter assembly comprises two or more flow
meter assemblies that are vibrated to generate the
very low frequency response and the very high
frequency response. In one aspect of the invention, a
method for determining one or more flow fluid
characteristics of a multi-phase flow fluid comprises:
vibrating a vibratory flow meter assembly at one or
more very low frequencies that are below a
predetermined minimum decoupling frequency for the
flow fluid and vibrating the flow meter assembly at
one or more very high frequencies that are above a
predetermined maximum decoupling frequency for the
flow fluid, independent of the foreign material size
or the foreign material composition; receiving one or
more very low frequency vibrational responses and one
or more very high frequency vibrational responses; and
determining the one or more flow fluid characteristics
from the one or more very low frequency vibrational
responses and the one or more very high frequency
vibrational responses. Preferably, the one or more
very low frequencies result in a decoupling ratio
(Ap/Af) of about 1:1 and the one or more very high
frequencies result in a decoupling ratio (Ap/Af) of
about 3:1 for entrained gas and about equal to 3/(1 +
(2 * pp/pf)) for entrained solids. Preferably, the one
or more very low frequencies result in a viscosity
that is effectively infinity with regard to particle
motion for the flow fluid and the one or more very low
frequencies result in a viscosity that is effectively
zero. Preferably, the one or more very low frequencies
are below a predetermined 



minimum SOS/compressibility threshold, independent of
a foreign material size or a foreign material
composition. Preferably, the one or more very low
frequency vibrational responses correspond to an
inverse Stokes number (d) that is above about 3.5 and
the one or more very high frequency vibrational
responses correspond to an inverse Stokes number (d)
that is less than about 0.1. Preferably, the vibratory
flow meter is configured to operate at a first bending
mode and higher bending mode frequencies.Preferably,
the vibratory flow meter is operated at a plurality of
frequencies to generate a plurality of vibrational
responses, wherein the plurality of vibrational
responses are compared in order to determine an
approximate onset of multi-phase effects. Preferably,
vibrating the vibratory flow meter assembly at the one
or more very low frequencies and at the one or more
very high frequencies comprises vibrating two or more
vibratory flow meter assemblies. In one aspect of the
invention, a method of forming a vibratory flow meter
for determining one or more flow fluid characteristics
of a multi-phase flow fluid comprises: determining at
least one predetermined very low frequency and at
least one predetermined very high frequency for the
vibratory flow meter based on at least an expected
flow fluid, with the at least one predetermined very
low frequency being below a predetermined minimum
decoupling frequency and with the at least one
predetermined very high frequency being above a
predetermined maximum decoupling frequency for the
flow fluid, independent of a foreign material size or
a foreign material composition; selecting one or more
flow conduit design characteristics based on the at
least one predetermined very low frequency and on the
at least one predetermined very high frequency, with
the one or more flow conduit design characteristics
being selected to substantially achieve the at least
one predetermined very low frequency and the at least
one predetermined very high frequency; and
constructing the vibratory flow meter employing the
selected one or more flow 



conduit design characteristics. Preferably, the at
least one predetermined very low frequency results in
a decoupling ratio (Ap/Af) of about 1:1 and the at
least one predetermined very high frequency results in
a decoupling ratio (Ap/Af) of about 3:1 for entrained
gas and about equal to 3/(1 + (2 * pp/pf)) for
entrained solids. Preferably, the at least one
predetermined very low frequency results in a
viscosity that is effectively infinity with regard to
particle motion for the flow fluid and the at least
one predetermined very high frequency results in a
viscosity that is effectively zero.Preferably, the at
least one predetermined very low frequency is below a
predetermined minimum SOS/compressibility threshold,
independent of a foreign material size or a foreign
material composition. Preferably, the at least one
predetermined very low frequency corresponds to an
inverse Stokes number (d) that is above about 3.5 and
the at least one predetermined very high frequency
corresponds to an inverse Stokes number (d) that is
less than about 0.1. Preferably, the vibratory flow
meter is configured to operate at a first bending mode
and higher bending mode frequencies. Preferably, the
vibratory flow meter is operated at a plurality of
frequencies to generate a plurality of vibrational
responses, wherein the plurality of vibrational
responses are compared in order to determine an
approximate onset of multi-phase effects. Preferably,
vibrating the vibratory flow meter assembly at the one
or more very low frequencies and at the one or more
very high frequencies comprises vibrating two or more
vibratory flow meter assemblies. Description of the
Drawings The same reference number represents the same
element on all drawings. It should be understood that
the drawings are not necessarily to scale. FIG. 1
shows a vibratory flow meter according to the
invention. FIG. 2 shows a very low frequency vibratory
flow meter according to an 



embodiment of the invention. FIG. 3 is a graph of
decoupling effect versus frequency for very low
operating frequencies up to 100 Hz in the example
shown in the graph. FIG. 4 is a corresponding graph of
decoupling phase angle (f) versus frequency for very
low operating frequencies up to 100 Hz in the example
shown in the graph. FIG. 5 is a graph of decoupling
ratio versus density ratio for the very low or very
high frequency vibratory flow meter according to the
invention. FIG. 6 shows a portion of the very low
frequency vibratory flow meter according to the
invention.FIG. 7 shows a simple free body diagram that
illustrates the source of errors in multi-phase flow
in vibratory flow meters. FIG. 8 depicts the motion of
a relatively light particle of radius a inside a tube
of a vibratory flow meter filled with a denser flow
fluid. FIG. 9 shows a total relative motion between
the particle and fluid on a single quarter oscillation
of the flow tube, including the change in location of
the center of gravity (CG). FIG. 10 gives the
locations of the CG of the particles and of the liquid
components. FIG. 11 is a graph of decoupling density
error versus particle density. FIG. 12 is a surface
plot of density error for fluid viscosity versus
particle size. FIG. 13 is a surface plot of density
error for fluid viscosity versus particle density.
FIG. 14 is a surface plot of density error for conduit
amplitude versus vibrational frequency. FIG. 15 is a
chart that shows simulation results of total density
error from a very low frequency mode, a medium
frequency mode, and a very high frequency mode of a
Coriolis flow meter. FIG. 16 shows a very high
frequency vibratory flow meter according to an
embodiment of the invention. FIG. 17 is a flowchart of
a method for determining one or more flow fluid 



characteristics of a multi-phase flow fluid according
to the invention. Detailed Description of the
Invention FIGS. 1-17 and the following description
depict specific examples to teach those skilled in the
art how to make and use the best mode of the
invention. For the purpose of teaching inventive
principles, some conventional aspects have been
simplified or omitted. Those skilled in the art will
appreciate variations from these examples that fall
within the scope of the invention. Those skilled in
the art will appreciate that the features described
below can be combined in various ways to form multiple
variations of the invention. As a result, the
invention is not limited to the specific examples
described below, but only by the claims and their
equivalents.FIG. 1 shows a vibratory flow meter 5
according to the invention. The vibratory flow meter 5
is designed to measure fluid characteristics of a flow
fluid, including measuring either a flowing or
stationary flow fluid. The vibratory flow meter 5 in
one embodiment comprises a Coriolis flowmeter. In
another embodiment, the vibratory flow meter 5
comprises a vibrating densitometer. The vibratory flow
meter 5 includes a flow meter assembly 10 and meter
electronics 20. The meter electronics 20 is connected
to the meter assembly 10 via leads 100 and is
configured to provide measurements of one or more of a
density, mass flow rate, volume flow rate, totalized
mass flow, temperature, and other information over a
communication path 26. It should be apparent to those
skilled in the art that the present invention can be
used in any type of vibratory flow meter regardless of
the number of drivers, pick-off sensors, flow
conduits, or the operating mode of vibration. It
should be recognized that the flow meter 5 can
comprise a vibratory densitometer and/or a Coriolis
mass flow meter. The flow meter assembly 10 includes a
pair of flanges 101 and 101', manifolds 102 and 102',
a driver 104, pick-off sensors 105 and 105', and flow
conduits 103A and 103B. The driver 104 and the
pick-off sensors 105 and 105' are connected to the
flow conduits 103A and 103B. In one embodiment, the
flow conduits 103A and 103B comprise substantially
Ushaped flow conduits, as shown. Alternatively, in
other embodiments, the flow conduits 



can comprise substantially straight flow conduits.
However, other shapes can also be used and are within
the scope of the description and claims. The flanges
101 and 101' are affixed to the manifolds 102 and
102'. The manifolds 102 and 102' can be affixed to
opposite ends of a spacer 106. The spacer 106
maintains the spacing between the manifolds 102 and
102' in order to prevent undesired vibrations in the
flow conduits 103A and 103B. When the flow meter
assembly 10 is inserted into a conduit system (not
shown) which carries the flow fluid being measured,
the flow fluid enters the flow meter assembly 10
through the flange 101, passes through the inlet
manifold 102 where the total amount of flow fluid is
directed to enter the flow conduits 103A and 103B,
flows through the flow conduits 103A and 103B and back
into the outlet manifold 102', where it exits the
meter assembly 10 through the flange 101'.The flow
conduits 103A and 103B are selected and appropriately
mounted to the inlet manifold 102 and to the outlet
manifold 102' so as to have substantially the same
mass distribution, moments of inertia, and elastic
modules about the bending axes W-W and W-- W
respectively. The flow conduits 103A and 103B extend
outwardly from the manifolds 102 and 102' in an
essentially parallel fashion. The flow conduits 103A
and 103B are driven by the driver 104 in opposite
directions about the respective bending axes W and W
and at what is termed the first out of phase bending
mode of the flow meter 5. However, the flow conduits
103A and 103B can alternatively be vibrated at a
second out of phase bending mode or higher, if
desired. This may be done for calibration or testing
activities, fluid viscosity tests, or for obtaining
measurement values at different vibrational
frequencies. The driver 104 may comprise one of many
well known arrangements, such as a magnet mounted to
the flow conduit 103A and an opposing coil mounted to
flow conduit 103B. An alternating current is passed
through the opposing coil to cause both conduits to
oscillate. A suitable drive signal is applied by the
meter electronics 20 to the driver 104 via the lead
110. The meter electronics 20 receives sensor signals
on the leads 111 and 111', respectively. The meter
electronics 20 produces a drive signal on the lead 110
which causes the driver 104 to oscillate the flow
conduits 103A and 103B. The meter 



electronics 20 processes the left and right velocity
signals from the pick-off sensors 105 and 105' in
order to compute a mass flow rate. The communication
path 26 provides an input and an output means that
allows the meter electronics 20 to interface with an
operator or with other electronic systems. The
description of FIG. 1 is provided merely as an example
of the operation of a vibratory flow meter and is not
intended to limit the teaching of the present
invention. When operating as a densitometer, the flow
meter 5 can measure the density of single phase or
multi-phase flows. The measurement of the multi-phase
flow density is problematic, as the density
measurement will be affected by the components of the
multi-phase flow, whether including entrained gas or
entrained solids. The flow meter 5 will measure the
density of the mixture, but it is typically desired
that the density measurement be the density of just
the liquid component(s), as any entrained gas or
solids will commonly comprise unwanted components. Not
only do the bubbles orsolids cause a change in the
true mixture density, decoupling and other multiphase
error mechanisms cause additional error away from
mixture density. Density is measured in a vibratory
flow meter by determining the resonant (i.e., natural)
frequency of flow conduit oscillation. The greater the
density of the flow fluid, the greater the mass of the
flow meter assembly 10 and the lower the natural
frequency of the flow meter assembly 10 as a whole.
The density measurement of the flow meter 5 is
independent of the flow rate and can be performed with
a flowing or non-flowing fluid. The flow meter 5 can
measure the density when two or more components are
present and can generate a mixture density ( p mature
) for a multi-phase flow fluid. If it is assumed that
there are no errors due to decoupling, asymmetries,
velocity of sound, or other multi-phase effects, the
density measured by a vibratory meter will be very
close to the actual mixture density, as shown in
equation (1), below. If the densities of the flow
components are known, then the mass flow rates of
individual components may be estimated, assuming no
bubble slip. The (f) terms represent volume fractions
of the components. The individual fractions must sum
to unity. P mixture = P fluid Y fluid P 'particle
Y'particle  " V 



A user interested in measuring only the liquid density
will incur an error proportional to the volume
fraction if a single entrained phase is present. The
density error for a multi-phase flow fluid can be
represented as: P error ~ Pmature ~ P fluid ~ ~ P
fluid ) V / For example, if a user expects a liquid
density of 1000 kg/m3, but the fluid has 10% volume
fraction of entrained gas, a prior art Coriolis mass
flow meter (operating at a prior art vibrational
frequency) will measure roughly 900 kg/m3, giving a
(-100) kg/m3 density error. Even though the prior art
meter has correctly measured the mixture density,
including both the liquid component and the gas
component, the user interprets this as a -10% error
from the desired liquid density. The volume flow rate
is subsequently found by dividing the measured
multi-phase mass flow rate by the measured multi-phase
density, so the mixture volume flow rate is about 10%
higher thanliquid flow rate. However, the user
typically desires the mass flow or volume flow rate of
just the liquid component of the multi-phase flow
fluid. The error in density is further compounded by
errors due to decoupling effects and
SOS/compressibility effects, both of which are due to
the vibration of the multiphase flow fluid. Vibration
of a single phase will not exhibit the decoupling and
SOS/compressibility effects. Measurement errors are
exacerbated in a multi-phase flow fluid including
entrained gas. Entrained gas will exhibit more
decoupling and more SOS/compressibility effects than
will entrained solids. This is due to the large
difference in density between gas and liquid, which
results in relative motion between the phases, and due
to the compressibility of the mixture, which results
in unwanted offresonance vibrational responses.
Entrained solids will not suffer from compressibility
effects but will exhibit errors due to decoupling and
viscosity effects. The decoupling effect for solids
are less severe than for gases, but will still affect
measurements. Measurement errors are addressed herein
by operating the flow meter 5 at specific vibrational
frequencies, frequencies that produce known
decoupling, and compressibility effects. It has been
found that operation of the flow meter 5 at these
vibrational extremes allows for the determination of
correct measurements for density, 



mass flow, and other variables. It has been found that
at very low vibrational frequencies, the decoupling of
the foreign material, whether gas or solids, is
practically nonexistent and the decoupling ratio is
about 1:1, i.e., the entrained gas or solids particles
move the same distance as the liquid component of the
flow fluid. Similarly, at very low vibrational
frequencies, the viscosity of the flow fluid acts as
if it is approximately infinite, wherein the entrained
foreign material moves with the flow fluid. Further,
at very low vibrational frequencies there are no
SOS/compressibility effects. As a result, the
decoupling ratio (Ap/Af) can be assumed to be one, the
compression can be assumed to be zero (wherein the
speed of sound (c) is assumed to be the SOS of the
flow fluid), and the viscosity is assumed to be an
infinite value (i.e., similar to a solid). It should
be understood that the most common and least difficult
and least expensive approach is to avoid multi-phase
flow fluids. However, this is not always practical or
possible. The approach discussed herein is not to
avoid multi-phasedecoupling and SOS/compressibility
effects, but instead to operate a flow meter in such a
way as to generate a known and substantially constant
error effect. As a result, derivations of flow
measurements are simplified. Errors in measurement can
be then removed. It has been found that at very high
vibrational frequencies, the decoupling effects can
reach an upper limit. This upper limit provides
heretofore unrecognized benefits. The decoupling is
therefore known and predictable. For example, for
entrained gas, the decoupling approaches about a 3:1
decoupling ratio, wherein gas bubbles move about three
times the distance that the liquid component of the
flow fluid moves. For entrained solids, at very high
vibrational frequencies, the decoupling ratio will be
about equal to the quantity 3/(l+(2*p p/pf)). If the
density of the solid particle is much greater than the
liquid, then the entrained solid particles will remain
substantially stationary while the liquid component
moves with the flow conduit vibration. At very high
vibrational frequencies, the viscosity of the flow
fluid acts as if it is approximately zero, with the
entrained foreign matter not being constrained by
fluid viscosity. Compressibility will not apply to
entrained solids. Consequently, the very high 



frequency vibratory flow meter 5 can be vibrated at a
frequency equal to or greater than the upper limit
frequency for the decoupling. Any resulting
SOS/compressibility effects can be compensated for
using conventional techniques. Liquids have higher
sonic velocities than gases, but the lowest velocities
result from a mixture of the two. The addition of even
a small amount of gas to a liquid results in a
dramatic reduction in the speed of sound of the
mixture below that of either phase. A small amount of
gas dramatically increases mixture compressibility,
while the mixture density remains close to that of the
liquid. When the speed of sound of the fluid is high,
as in a single phase fluid, the first acoustic mode
for transverse sound waves across the circular conduit
is at a much higher frequency than the drive
frequency. However, when the speed of sound drops due
to the addition of gas to a liquid, the frequency of
the acoustic mode also drops. For low frequency meters
and typical process pressures, velocity of sound
effects are present in multiphase flows but are
usually negligible with respect to the specified
accuracy of the meter. However, for high frequency
vibratory flow meters operating at low pressures with
bubbly fluids, the velocity of sound can be low enough
to causesignificant measurement errors due to
interaction between the drive and fluid vibration
modes. A more physical explanation of velocity of
sound effects in vibratory flow meters is that the
fluid in the tube is compressed against the outside
wall of the tube on each oscillation, when the
compressibility of the mixture is high enough to allow
for such motion. In this way, velocity of sound
effects are similar to decoupling effects in that the
actual error is caused by movement of the location of
the center of gravity. The difference is that velocity
of sound effects result in heavier fluid pushed to the
outside walls of the tube while decoupling results in
heavier fluid pushed to the inside walls of the tube.
For this reason, velocity of sound errors are positive
and decoupling errors are negative. Consequently, the
flow meter 5 can be operated at either a very low
frequency or at a very high frequency. The resulting
measurements can be employed as discussed below (see
FIG. 17 and the accompanying discussion). The above
assumptions or 



known values can be used in order to derive improved
density and/or mass flow measurements, among other
things. The vibratory flow meter 5 is designed to
accurately and reliably measure the flow fluid when
the flow fluid comprises multiple phases. The
multi-phase flow fluid can include entrained gas in
some embodiments, wherein the entrained gas can
comprise a bubbly flow. The entrained gas can include
air bubbles or bubbles of various sizes. Entrained gas
is problematic in prior art vibratory flow meters. The
entrained gas, especially for moderate to large
bubbles, can move independently of the flow fluid and
cause measurement errors or uncertainties. In
addition, the entrained gas can cause varying
measurement effects due to compressibility of the gas
varying with the operating pressure of the flow fluid.
The multi-phase flow fluid can include entrained
solids in some embodiments, wherein the entrained
solids can comprise a slurry. One example comprises
sand or soil particles in a petroleum flow. The
entrained solids can move independently of the flow
fluid and cause measurement errors and/or
uncertainties. In some embodiments, the multi-phase
flow can include differing liquids, such as immiscible
liquids that cannot be mixed together. For example,
the flow fluid can include both water and oil. Where
the fluid flow components have differing densities,the
fluid flow components may experience some decoupling
during flow meter vibration. The foreign objects can
be less dense than the flow fluid. The foreign objects
can be denser than the flow fluid. In operation, the
vibratory flow meter 5 can be vibrated at a very low
frequency and/or a very high frequency. The very low
frequency can comprise a first bending mode vibration.
However, other vibrational modes are contemplated and
are within the scope of the description and claims.
For example, in some embodiments the flow meter
assembly 10 can be driven off-resonance at a
predetermined low frequency, wherein the mass flow
rate (and/or other flow characteristics) are
subsequently measured. The predetermined low frequency
can therefore be less than the resonant frequency. The
resulting mass flow measurement will be substantially
immune to decoupling and SOS effects and can be
determined through phase measurement at the
predetermined low 



frequency. The predetermined low frequency can be
chosen to correspond to an inverse Stokes number (d)
greater than a threshold value selected to
substantially eliminate multi-phase errors. Density
measurement at an off-resonance frequency will not be
possible due to the fact that the frequency has been
specifically chosen rather than measured. The
challenge of this type of operation is that the
response amplitude of the conduit will be small due to
the off-resonant vibration. However, this challenge
can be overcome by inputting additional drive power or
by averaging phase measurements to help reject noise.
The flow fluid can be either stationary or flowing, as
previously discussed. As a result, when vibrated at a
very low frequency, the flow meter 5 produces a very
low frequency vibrational response. Alternatively, the
flow meter 5 can produce a very high frequency
vibrational response. The very high frequency can
comprise a first bending mode vibration.
Alternatively, the very high frequency can comprise a
second, third, or higher bending mode vibration.
However, other vibrations, such as off-resonance
vibrations, are contemplated and are within the scope
of the description and claims. As a result, the very
high frequency vibratory flow meter 5 produces a very
high frequency vibrational response. The very high
frequency vibrational response is processed in order
to determine, for example, a response frequency, a
response amplitude, and a response phase delay between
pickoffs. The very high response frequency can be used
todetermine one or more flow fluid characteristics,
including a mass flow rate, density, viscosity, et
cetera. The very low frequency or very high frequency
vibrational response is processed in order to
determine at least a response frequency. The response
frequency can be used to determine one or more flow
fluid characteristics, including a mass flow rate,
density, viscosity, et cetera. The very low frequency
and/or very high frequency nature of the flow meter 5
is discussed further below. An advantage of the
vibratory flow meter 5 is that the flow meter 5 in
some embodiments can be operated at higher
frequencies, if desired. This may be done where no
multi-phase flow is expected. For example, if the flow
meter 5 is installed 



downstream of a separator device, then the flow fluid
may be acceptably uniform and free of entrained
foreign material. In such a situation, the flow meter
5 may be operated at higher frequencies, such as at a
second, third, or fourth bending mode, et cetera,
where the higher order bending modes comprise
multiples or harmonics of the meter resonant
frequency, for example. In some embodiments, the
vibratory flow meter 5 can be operated at multiple
vibrational frequencies. The multiple vibrational
frequencies can include vibrating the flow meter
assembly 10 at alternating frequencies or at different
frequencies at different times. Alternatively, the
flow meter assembly 10 can be simultaneously vibrated
at multiple vibrational frequencies. Multiple mass
flow measurements obtained at different resonant or
off-resonance frequencies can be compared to determine
whether a multi-phase flow exists and to determine a
multi-phase error magnitude. For example, if mass flow
measurements obtained at 10, 20 and 30 Hz are
substantially identical, but a mass flow measurement
obtained at 40 Hz significantly deviates from the
previous measurements, then it can be determined that
multi-phase errors are occurring somewhere above the
30 Hz vibrational frequency, and a multi-phase
indication can be generated. The drive frequency is
the frequency at which the one or more flow conduits
103A and 103B are vibrated in order to measure flow
characteristics of the flow fluid. The drive frequency
can be selected to be at a flow fluid resonant
frequency, for example, or can comprise one or more
resonant frequency harmonics, higher bending mode
frequencies, or off-resonant frequencies above or
below the resonant frequency.Therefore, the drive
frequency can differ from a vibrational response
frequency and can vary according to the makeup of the
flow fluid. In addition, the drive frequency is
affected by the stiffness characteristic of the
flowmeter. As the stiffness characteristic increases,
the drive frequency will increase. As a result,
lowering the flow conduit stiffness will result in a
lower flow conduit resonant frequency. The flow
conduit stiffness can be changed in a variety of ways,
as discussed below. The very low frequency or very
high frequency capabilities of the flow meter 5 can be
achieved through appropriate design parameters. The
basic consideration in 



producing the vibratory flow meter 5 is that the
meter's effective bending mode stiffness can be
changed in order to modify the operating frequency
and/or resonant (or natural) frequency. The change in
meter stiffness can be achieved in any manner and it
is not important how the meter stiffness change is
accomplished. However, several likely ways are
discussed below. A factor in meter stiffness is a flow
conduit length. The flow meter length is substantially
correlated to meter stiffness, wherein increasing the
meter length will translate to some decrease in meter
stiffness and operational frequency. Consequently, the
flow meter length can be chosen in order to achieve at
least some meter stiffness change. A factor in meter
stiffness is a flow conduit aspect ratio. For purposes
of this discussion, the flow meter aspect ratio is
defined as a flow meter height (H) divided by the flow
meter length (L), where the aspect ratio = (H/L) (see
FIG. 2). Where the height (H) is less than the length
(L), the height-to-length aspect ratio (H/L) will be
less than one. Where the flow meter is a straight flow
meter, the height-to-length aspect ratio (H/L) will be
effectively zero. Where the height (H) is greater than
the length (L), the height-to-length aspect ratio
(H/L) will be greater than one. For example, in the
flow meter 5 of FIG. 2, the height-to-length aspect
ratio (H/L) will be significantly larger than one and
can reach a relatively high number. As a consequence,
the height-tolength aspect ratio (H/L) can be
increased in order to reduce meter stiffness and can
be reduced in order to increase meter stiffness. Some
flow meter manufacturers use an opposite convention
comprising a lengthto- height (L/H) aspect ratio. A
straight tube flow meter under such a convention
wouldhave a length-to-height aspect ratio that would
approach infinity, rendering this aspect ratio
convention to be relatively unhelpful. A factor in
meter stiffness is a flow conduit material. The flow
conduit material can be selected in order to increase
or decrease the meter stiffness. A factor in meter
stiffness is flow conduit thickness. The flow conduit
thickness can be changed in order to modify the meter
stiffness. However, as a practical matter, substantial
reductions in flow conduit thickness can result in a
reduced pressure 



capability and in an inadequate durability or
ruggedness. A factor in meter stiffness is a flow
conduit shape. The flow conduit shape can be modified
in any desirable fashion, including using conduits of
substantially round, elliptical, rectangular,
irregular, or other suitable shapes. A factor in meter
stiffness is a flow conduit geometry. The flow conduit
geometry can be affected in any desirable fashion,
including the use of appropriate straight and curved
sections, for example. For example, a U-shaped flow
conduit has a lesser stiffness than a straight conduit
flow meter of the same length. A factor in meter
frequency is a flow conduit mass. The resonant
frequency of the flow meter assembly 10 will drop as
the flow conduit mass is increased, with all other
factors being unchanged. The flow conduit mass can be
increased or decreased in any fashion. For example,
flow conduit mass can be increased through the
addition of counterweights or other masses, for
example. Adding mass at a discrete point or location
will decrease the operational frequency without
increasing flow conduit stiffness. A factor in meter
stiffness is a flow conduit nodal restrictor and
vibrational node locations. The flow meter assembly 10
can include one or more nodal restrictors that control
a vibration node position and bending axis and
therefore affect the vibrational response. A common
nodal restrictor in the embodiment shown comprises the
spacer 106 in combination with the manifolds 102 and
102'. Alternatively, in other embodiments the nodal
restrictor can comprise one or more brace bars that
extend rigidly between the two flow conduits at a
defined point substantially near to the flanges 101
and 101 ' (i.e., substantially at the two ends of the
flow meter 5). Other node positions are shown in FIG.
6. The one or more nodal restrictors are included in
order to fix the vibrational nodes of the curved flow
conduits 103A and 103B, creating desiredbending axes.
The one or more nodal restrictors can be positioned
(or removed) in order to increase the length of the
flow conduits that experience the vibration or can be
located so as to reduce the length of a vibrating
portion of the flow conduits 103A and 103B. In FIG. 6,
the torsion of sections 102 and 102' also reduces
bending mode stiffness and thus reduces frequency. 



FIG. 2 shows a very low frequency vibratory flow meter
5 according to an embodiment of the invention. The
flow conduits 103A and 103B can be within a casing
203, as shown. The casing 203 can protect the flow
conduits 103A and 103B and can further function to
contain leakage in the event of a flow conduit fault
or failure. The vibratory flow meter 5 includes a
height H and a length L. It can be seen from the
figure that the height H in this embodiment is
significantly greater than the meter length L. The
height-to-length aspect ratio (H/L) is the ratio of
these two meter characteristics. The height-to-length
aspect ratio (H/L) may be increased in order to reduce
the frequency or alternatively may be reduced in order
to increase the frequency. The height-to-length aspect
ratio (H/L) may be changed to any needed number,
including a number much larger or smaller than one,
for example. In one embodiment, the meter overall
length L is substantially the distance between the
flanges 101 and 101 ' of the flow meter 5, while the
meter overall height H is substantially the distance
between a centerline of the inlet/outlet manifolds 102
and 102' and the farthest away centerline (i.e., the
center of the peak of the bowed portion). The aspect
ratio is therefore an approximate quantification of
the overall shape and size of the flow meter 5. A high
aspect ratio (H/L) according to this definition
connotes that the flow meter has a large height H
compared to its length L. It should be understood that
the aspect ratio can alternatively be defined as
length-to-height (L/H). According this alternate
definition, the flow meter of this figure will have a
very low aspect ratio. FIG. 3 is a graph of decoupling
effect versus frequency for very low operating
frequencies up to 100 Hz in the example shown in the
graph. The graph shows the decoupling effect versus
frequency for a range of vibrational amplitudes. A
flow meter operating at less than about 5 to 10 Hz
will function desirably because the decoupling ratio
will remain at a decoupling ratio of about 1:1, i.e.,
almost no decoupling will occur. For a very low
vibration frequency of 5 Hz or less, it can be seen
that theresponse decoupling magnitude (A1 Af) will
remain in the darkest region along the left axis of
the graph, at around the 1:1 decoupling ratio, as
indicated by the scaling bar along the right side of
the graph. It can also be seen that the decoupling
effect decreases 



for high vibration amplitudes. As a result, entrained
gas bubbles will move with the flow fluid, causing no
errors in mass flow or mixture density measurements.
Velocity of sound effects will also be negligible for
such a low frequency, as SOS/compressibility effects
typically do not become apparent until the vibrational
frequency exceeds about 200 Hz. FIG. 4 is a
corresponding graph of decoupling phase angle (f )
versus frequency for very low operating frequencies up
to 100 Hz in the example shown in the graph. It can be
seen from this graph that the decoupling phase angle
(f ) remains low when the vibrational frequency does
not exceed 5 Hz. Regardless of fluid oscillation
amplitude, particle size, fluid density, particle
density, and fluid viscosity, the relative motion
between the particle and fluid is nonexistent for a
very low oscillation frequency. The amplitude ratio
(i.e., the decoupling ratio (Ap/Af)) approaches a 1:1
ratio and the decoupling phase angle (f) approaches
zero. Therefore, there is no need to calculate the
decoupling ratio (Ap/Af) or the decoupling phase angle
(f) . Further, the result is independent of the
process fluid and the piping arrangement. The meter
generates accurate and reliable measurements because
there is no relative motion between multi-phase
components. This is true for slurries, bubbly fluids,
emulsions, or any other multi-density composite fluid.
A vibratory flow meter such as described above could
also be driven in its second, third, or fourth bending
modes, without limitation. As discussed above,
decoupling worsens with increasing frequency.
Therefore, more and more negative error will appear in
the density measurement as the operating frequency
increases. Consequently, the vibratory flow meter can
be operated off-resonance. This fact can be useful as
a diagnostic. The meter can be configured to determine
whether measurements are affected by SOS or decoupling
effects, and at what frequencies the effects become
negligible. For example, a flow meter can be driven
simultaneously on and off resonance at frequencies of
10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 Hz. For a
given flow fluid, measurements at 10, 20, and 30 Hz
may all be equivalent, indicating that SOS/decoupling
effects do not impact measurements belowabout 40 Hz.
If more gas is entrained or bubble size increases, it
may be that only the 



measurements at 10 and 20 Hz are equivalent, meaning
that the decoupling is worse than in the example above
and a lower frequency measurement is required. This
diagnostic capability can be used to determine the
presence of multiple phases or can be used to give the
user an indication of the accuracy of the measurements
at each frequency. A primary application of a very low
frequency vibratory flow meter may be an upstream
(pre-separator) oil and natural gas measurement. Such
a multi-phase meter would eliminate the need for a
separator, an extremely expensive device. A vibratory
flow meter which worked with +1-5% accuracy in this
difficult application would be very desirable to the
oil and gas community, who want to measure the rough
output of each oil well. Another application is in
mixing and/or metering cement, where the cement
contains rock particles and entrained gas, making it a
three phase mixture. With no relative motion between
any of the phases at low frequency, the meter would
perform as though there was one homogeneous phase and
give correct mixture mass flow and mixture density
measurements, regardless of the number of components
or phases. While it is possible to drive a meter
off-resonance at low or high frequency, the
feasibility of a very low frequency vibratory flow
meter driven on-resonance may in some respects depend
on how long the conduits would have to be in order to
reach the desired very low frequency. As an example,
for a Micro Motion model E200 Coriolis flow meter that
typically vibrates at a seventy Hz frequency for
measuring water, the flow conduits extend about
eighteen inches past the brace bar. As an estimate,
consider the equation for frequency of a fixed-free
cantilever beam: f = j (3) 2p \ ml Where E is the
Modulus of Elasticity, I is the moment of inertia of
the crosssection, m is the mass per unity length, and
1is the length. For a frequency f of seventy Hz and a
length (L) of eighteen inches, a proportionality
constant can be found for the (EI/m) component. As an
example, a flow conduit must be about sixty-seven
inches in length for an E200 model Micro Motion
Coriolis flow meter in order to achieve a 5 Hz 



vibrational frequency, without changing the E, I, or m
terms.Another approach is a combination of the
previously discussed factors. For example, one
solution would be to lengthen the conduits somewhat,
decrease wall thickness somewhat, and add a little
mass near the driver or pickoffs and/or operate above
or below resonance. Another effective method to reduce
frequency would be to allow the conduits to bend into
line with the pipeline before the brace bars or event
to eliminate the brace bars. This would decrease the
stiffness in the drive mode considerably due to an
additional torsion component (see FIG. 5). The very
low frequency vibratory flow meter 5 can be designed
for a specific application. The flow meter 5 can
therefore have a very low operating frequency that
achieves a predetermined very low vibrational
frequency and very low vibrational response frequency
and very high vibrational response amplitude. The
vibrational frequency can be specified in multiple
ways. The vibrational frequency can be specified as a
frequency threshold or limit. The vibrational
frequency can be specified as being below a
predetermined decoupling threshold or limit. The
vibrational frequency can be specified as being below
a predetermined SOS/compressibility threshold or
limit. The vibrational frequency can be specified as
complying with a predetermined inverse Stokes number
threshold or limit (discussed below). For example, the
predetermined inverse Stokes number threshold can be
chosen to substantially eliminate multi-phase errors.
Coriolis mass flow meters and vibratory densitometers
require that the flow fluid move with the flow
conduits during oscillation at the meter's natural
frequency. When foreign material is introduced, this
assumption is no longer valid, as there is relative
motion or decoupling between the two or more phases. A
model has been developed to predict the conditions
that are needed for a good mixture density
measurement, given specific meter operating
conditions. The fluids model, which has been validated
experimentally, can predict decoupling effects. The
equations to find a decoupling ratio (Ap/Af) and a
decoupling phase angle ( f ) are: mp - j 



= Fdrag + Fhistory + Faddedmass + Fbuoyancy The
decoupling ratio (Ap/Af) comprises the ratio of the
particle (i.e., foreign material) amplitude (Ap)
versus the flow conduit amplitude (Af) . The particle
cancomprise any foreign material, including gas
bubbles, solid particles, or even portions of a
different fluid entrained within the flow fluid. The
individual terms of equation (4) are defined as: Fdmg
=6pmf a(u -v) f(Re) (5) ( u - v dtv d(u -v) Fhh,
tnorryv =6pmff a \ S 1-2- - dt J (6) F =-2 Pfa -du -dv
(7) J7 4 3 du Fbuoyancy = ~ Pf a - (8) The motion of
the flow fluid is assumed to match the motion of the
flow conduit. The motion of the bubble or particle is
calculated as: FluidVelocity =u =Af cos( ) (9)
ParticleVelocity =v =Ap cos(wt +f) (10) The above
equations can be used to find particle motion in the
oscillating environment of a vibratory flow meter to
within about plus or minus ten percent accuracy for
the vibrational amplitude and phase difference in most
situations. The six inputs needed to solve the above
equations for bubble motion are: the vibrational
response frequency (f), the vibrational response
amplitude (Af), the fluid density (pf), the particle
density (pp) of the foreign material particles
entrained in the flow fluid, the flow fluid dynamic
viscosity (mf), and the particle size distribution (a)
of the foreign material entrained in the flow fluid.
The vibrational response frequency (f) and the
vibrational response amplitude (Af) can be determined
from the vibrational response of the one or more flow
conduits (103A, 103B), such as from the vibrational
response signal generated by the pick-offs (105,
105'). The fluid density (pf) may be 



specified by a customer, such as in the case of a
known flow fluid, or can be obtained by measurement.
The particle density (pp) may be specified by a
customer or alternatively may be determinable from the
ideal gas law in the case of entrained gas, given a
measured temperature and pressure of the flow fluid.
The dynamic viscosity (mf) maybe specified by a
customer, such as in the case of a known flow fluid,
or can be obtained by measurement. The particle size
distribution (a) may be specified by a customer, such
as in the case of a known flow fluid, or can be
obtained by measurement, including acoustic or
radiation measurements of foreign material particles
or bubbles in the flow fluid. FIG. 5 is a graph of
decoupling ratio versus density ratio for the very low
or very high frequency vibratory flow meter 5
according to the invention. The graph further includes
results for various inverse Stokes numbers (d) . The
inverse Stokes number (d) can be used to more
succinctly characterize the conditions for avoiding
frequencyrelated decoupling and SOS/compressibility
effects. The graph shows five different inverse Stokes
numbers (d) and the resulting decoupling ratios. It
can be seen from the graph that entrained gas and
entrained solids react oppositely in terms of
decoupling, with the entrained gases exhibiting
greater motion than the bulk fluid and solid particles
exhibiting less motion. Regardless, the ideal
situation is when all phases inside the flow conduit
move at exactly the same amplitude and phase (i.e.,
where Ap/Af=I). It can also be seen that as gas bubble
size increases, the amount of decoupling increases.
Solid particle decoupling also moves away from the
ideal case of 1:1 motion when solid particle size
increases. The inverse Stokes number (d) comprises: =J
Vwa (11) Where the inverse Stokes number (d) takes
into account the flow fluid kinematic viscosity (h),
the vibrational frequency (w) in radians, and the
particle or bubble radius (a), in meters of the
foreign material. The kinematic viscosity (h)
comprises the dynamic viscosity (m) divided by the
density (p) of the fluid, i.e., h = m/p. The foreign 



material can include entrained gas or entrained
solids, as previously discussed. The inverse Stokes
number (d) therefore may be used to more completely
and accurately determine upper or lower vibrational
frequency limits than is possible through just a
frequency specification. Increasing the inverse Stokes
number (d) moves the decoupling ratio (Ap/Af) closer
to unity, indicating a reduction in relative motion.
As the density ratio increasespast about 50, the
decoupling ratio is dependent primarily on the inverse
Stokes number (d) . This is especially important
because all gas/liquid mixtures have high density
ratios, usually above 100. Thus, for the most common
multi-phase flow conditions in a vibratory flow meter,
the extent of measurement error depends primarily on
the inverse Stokes number (d) . If the inverse Stokes
number (d) is very small, the result approaches the
inviscid case of a 3:1 decoupling ratio, while if the
parameter is large, relative motion is restricted and
the decoupling ratio approaches 1:1. The inverse
Stokes number (d) illustrates that the balance between
fluid kinematic viscosity, particle size, and
frequency is important, not any one of these variables
alone. However, frequency is controlled by meter
design characteristics, while viscosity and particle
or bubble size depend on complex and often
uncontrollable process conditions. The inverse Stokes
number (d) in some very low vibrational frequency
embodiments comprises a number above about 3.5. The
inverse Stokes number (d) in some very low vibrational
frequency embodiments comprises a number above about
1.0. The inverse Stokes number (d) in some very low
vibrational frequency embodiments comprises a number
above about 0.5. For the purpose of operating a
vibratory flow meter at a high vibrational frequency
with regard to decoupling effects, the inverse Stokes
number (d) can be used to determine whether the very
high vibrational frequency is high enough. The inverse
Stokes number (d) in some very high vibrational
frequency embodiments comprises a number lower than
about 0.1. The inverse Stokes number (d) in some very
high vibrational frequency embodiments comprises a
number lower than about 0.01. In some embodiments, the
vibratory flow meter 5 can be designed to operate at a
very low vibrational response frequency of up to about
5 Hz. In some embodiments, the 



vibratory flow meter 5 can be designed to operate at a
very low vibrational response frequency of up to about
10 Hz. In some embodiments, the vibratory flow meter 5
can be designed to operate at a very low vibrational
response frequency of up to about 20 Hz. In some
embodiments, the vibratory flow meter 5 can be
designed to operate at a very low vibrational response
frequency of up to about 30 Hz. In some embodiments,
the vibratory flow meter 5 can be designed to operate
at a very low vibrational response frequency of up to
about 40 Hz. In some embodiments, the vibratory flow
meter 5 can be designed to operate at a very low
vibrational response frequency of up to about 49Hz.
Desired bending mode frequencies may be reached
through meter design considerations, or alternatively
through off-resonant vibration at a specified lower or
higher frequency. In some embodiments, the vibratory
flow meter 5 can be designed to operate at a
vibrational response amplitude above about 1 mm. In
some embodiments, the vibratory flow meter 5 can be
designed to operate at a vibrational response
amplitude above about 2 mm. In some embodiments, the
vibratory flow meter 5 can be designed to operate at a
vibrational response amplitude above about 5 mm. In
some embodiments, the vibratory flow meter 5 can be
designed to operate at a vibrational response
amplitude above about 10 mm. FIG. 6 shows a portion of
the very low frequency vibratory flow meter 5
according to the invention. This figure shows the flow
meter 5 employing a large height-to-length aspect
ratio (H/L) according to some embodiments of the
invention. The large height-to-length aspect ratio
(H/L) lowers the flow meter stiffness and the flow
meter operating frequency. In addition, the figure
shows a change in the vibrational node positions. The
dashed lines in the figure show typical brace bars 120
and 120'. Brace bars are commonly employed to fix
bending nodes and establish a bending axis. Brace bars
fix the flow conduits in relation to each other, where
two flow conduits are employed, and form a vibrational
bending node. The brace bars 120 and 120' establish a
bending axis W--W, where only the flow conduit
portions above the bending axis W--W are allowed to
vibrate. The bending axis W--W restricts the
vibrational frequency and typically 



keeps the frequency high. In order to modify the
operating frequency, the bending axis location can be
moved. Consequently, the operating frequency can be
reduced by an appropriate bending axis location, such
as by appropriately locating vibrational node
positions. In some embodiments, this can be
accomplished by moving the brace bars, as shown by
brace bars 122 and 122' in the figure. The brace bars
122 and 122' establish the bending axis W"~W". In
other embodiments, this can be accomplished by
eliminating the brace bars altogether. In such
embodiments, the bending axis can be determined by the
flanges 101 and 101' or can be accomplished by the
manifolds 102 and 102'. It should be noted that these
are only two possible methods for lowering
frequencythrough flow conduit geometry modifications.
Other methods are contemplated and are within the
scope of the description and claims. A consequence of
a multi-phase flow fluid is that accurate fluid
measurements are affected and impeded during such
multi-phase periods. The multi-phase effects may be
present even in the presence of moderate to mild
multi-phase flow conditions. The nature of the
multi-phase flow fluid can manifest in
compressibility/speed of sound (SOS) effects and in
decoupling effects between components of the
multi-phase flow fluid. The two effects can be
controlled or eliminated by proper selection of
vibrational frequency and amplitude. The multi-phase
flow fluids can include entrained gases, especially
bubbly gas flows. The multi-phase flows can include
entrained solids or entrained solid particles,
mixtures such as concrete, slurries, etc. Further,
multi-phase flows can include liquids of different
densities, such as water and petroleum components, for
example. The phases may have different densities, or
viscosities. In a multi-phase flow, the vibration of a
flow conduit does not necessarily move the entrained
gases/solids completely in phase with the flow fluid.
This vibrational anomaly is referred to as decoupling
or slippage. Gas bubbles, for example, can become
decoupled from the flow fluid, affecting the
vibrational response and any subsequently derived flow
characteristics. Small bubbles typically move with the
flow fluid as the flow meter is vibrated. However,
larger bubbles do not move with the flow fluid during 



vibration of the flow conduit. Instead, the bubbles
can be decoupled from the flow fluid and can move
independently, with entrained gas bubbles moving
farther and faster than the flow fluid during each
vibrational movement. This adversely affects the
vibrational response of the flowmeter. This is also
true of solid particles entrained in the flow fluid,
where the solid particles are increasingly likely to
decouple from the motion of the flow fluid at
increasing vibrational frequencies. The decoupling may
even occur where the multi-phase flow includes liquids
of differing densities and/or viscosities. The
decoupling action has been found to be affected by
various factors, such as the viscosity of the flow
fluid and the difference in density between the flow
fluid and the foreign material, for example. The size
of the bubbles can vary, depending on the amount of
gas present, the pressure of the flow fluid,
temperature, the degree of mixing of the gas into the
flowfluid, and other flow properties. The extent of
the decrease in performance is not only related to how
much total gas is present, but also to the size of the
individual gas bubbles in the flow. The size of the
bubbles affects the accuracy of the measurement.
Larger bubbles occupy more volume, leading to
fluctuations in the density and measured density of
the flow fluid. Due to the compressibility of a gas,
the bubbles can change in mass yet not necessarily
change in size. Conversely, if the pressure changes,
the bubble size can correspondingly change, expanding
as the pressure drops or shrinking as the pressure
increases. This can also cause variations in the
natural or resonant frequency of the flow meter. In a
vibrating conduit, the acceleration of the vibrating
conduit causes the bubbles to move. The conduit
acceleration is determined by the vibrational
frequency and the vibrational amplitude. In the case
of entrained gas, the bubbles are accelerated in the
same direction as the conduit acceleration. The
bubbles move faster and further than the flow conduit.
The faster bubble motion (and resulting fluid
displacement) causes some of the fluid to move more
slowly than the flow conduit, causing a net shift in
the center of gravity of the fluid mixture backwards
from the center of the vibrating conduit. This is the
basis of the decoupling problem. As a result, flow
rate and density characteristics are under-reported
(negative flow and density errors) when entrained air 



is present. Slurries present a similar problem. In the
case of slurries, however, the solid particles are
often heavier than the liquid component. Under the
acceleration of the vibrating conduit, the heavier
particles move less than the liquid. But because the
heavy particles move less, the center of gravity of
the fluid mixture still moves slightly backwards from
the center of the conduit. This again results in
negative flow and density errors. In the gas-liquid,
solid-liquid, and liquid-liquid cases, the
differential motion of the entrained phase is driven
by the difference in density between the entrained
phase and the liquid component. If the compressibility
of the gas is neglected, then the same equations can
be used to describe the behavior of all three
scenarios. Compensating for fluid decoupling has been
difficult because there are several factors that
determine how much the bubbles move with respect to
the fluid. Fluid viscosity is an obvious factor. In a
very viscous fluid, bubbles (or particles)
areeffectively frozen in place in the fluid and little
flow error results. At a very low vibrational
frequency, the flow fluid will act as a very viscous
fluid, i.e., as if the viscosity is infinite. At a
very high vibrational frequency, the flow fluid will
act as a non-viscous fluid, i.e., as if the viscosity
is approximately zero. Viscosity is a measure of the
resistance of a fluid which is being deformed by
either shear stress or extensional stress. In general,
it is the resistance of a liquid to flow, a
quantification of the fluid's thickness. Viscosity may
be thought of as a measure of fluid friction. AUreal
fluids have some resistance to stress, but a fluid
which has no resistance to shear stress is known as an
ideal fluid or inviscid fluid. Another influence on
bubble mobility is the bubble size. The drag on a
bubble is proportional to the surface area, whereas
the buoyant force is proportional to the volume.
Therefore, very small bubbles have a high drag to
buoyancy ratio and tend to move with the fluid. Small
bubbles subsequently cause small errors. Conversely,
large bubbles tend not to move with the fluid and
result in large errors. The same holds true for solid
particles, as small particles tend to move with the
fluid and cause small errors. Another problem caused
by vibration is speed of sound (SOS) or
compressibility 



effects. These effects make mass flow and density
measurements increasingly inaccurate for gassy flows
as the vibrational frequency increases. The density
difference is another factor. A buoyant force is
proportional to the difference in density between the
fluid and the gas. A high pressure gas can have a high
enough density to affect the buoyant force and reduce
the decoupling effect. In addition, large bubbles
occupy more volume, leading to true fluctuations in
the density of the flow fluid. Due to the
compressibility of a gas, the bubbles can change in
gas quantity and yet not necessarily change in size.
Conversely, if the pressure changes, the bubble size
can correspondingly change, expanding as the pressure
drops or shrinking as the pressure increases. This can
also cause variations in the natural or resonant
frequency of the flow meter and variations in the
actual two-phase density. Second order factors also
can have an effect on bubble and particle mobility.
The turbulence in a high flow rate fluid can break
large gas bubbles into smaller ones, thus reducing
decoupling error. Surfactants reduce the surface
tension of bubbles and decrease their tendency to
coalesce. Valves can decrease bubble size through
increasedturbulence while pipeline elbows can increase
bubble size by forcing them together through
centrifugal force. As a result of careful meter
design, the vibratory flow meter 5 can be operated at
very low frequencies or at very high frequencies. A
very low frequency operation will result in a gas
decoupling or a solids decoupling being maintained at
about a decoupling ratio of 1:1, where the foreign
material in the multi-phase flow fluid moves
substantially with the flow fluid. In addition, the
very low frequency operation will result in flow
characteristics similar to a flow in which the
viscosity is very high. This is true whether the
foreign material comprises gas, liquid, or solid
components. This is true whether the foreign material
is of a moderately different density than the flow
fluid or whether the foreign material has a greatly
differing density. As a consequence, the entrained
foreign material will not substantially affect the
measurements performed by the flow meter 5 and the
flow meter 5 will produce satisfactorily accurate and
reliable measurements. Further, the vibratory flow
meter 5 will operate consistently and predictably
regardless of gas void fraction (GVF) and/or 



solids fraction, while being able to satisfactorily
measure the flow fluid even as the composition of the
multi-phase flow fluid varies. Further, by operating
the flow meter 5 at a very low frequency, no
compressibility effects will be encountered because
transverse acoustic modes appear at much higher
frequencies. A very high frequency operation will
result in a gas decoupling ratio being maintained at
about a decoupling ratio of 3:1. A very high frequency
operation will result in a solids decoupling ratio
being maintained at about a decoupling ratio of 3/(1 +
(2 * Pp/pf)). In addition, the very high frequency
operation will result in flow characteristics similar
to a flow in which the viscosity is effectively zero.
The meter electronics 20 generates a drive signal to
the drive 104 and so can be configured to
drive/vibrate the flow meter assembly 10 at the very
low frequency or at the very high frequency. As is
common practice in vibratory flow meters, this entails
the meter electronics 20 generating a drive signal of
a predetermined frequency and amplitude, wherein the
predetermined frequency and amplitude can be affected
and modified by feedback taken from the pickoff
signals. For example, the drive signal can be
controlled according to the feedback in order to
achieve a resonant (i.e., natural) frequency in the
vibrational response as measured by the pickoff
sensors 105 and 105'.The meter electronics 20 can be
configured to generate the very low or very high
frequency in various ways. The meter electronics 20
can be configured during manufacture, such as by
appropriately programming a memory of the meter
electronics 20. Alternatively, the meter electronics
20 can be configured with the frequency during a
calibration process, for example, where the frequency
programming in some embodiments may depend on the
measured or determined meter stiffness as determined
by the calibration process. In another alternative,
the frequency can be derived or determined during a
meter start-up operation. For example, the frequency
can be based on pre-stored or user entered values.
This may include, for example, a frequency that is
based on pre-stored or user-entered information
regarding the nature of the multi-phase flow fluid.
Decoupling worsens with increasing frequency, up to a
maximum of about a 3:1 decoupling ratio for gases,
where the gas in a worst case scenario will move about
three 



times the distance traversed by the liquid component
during vibration. The liquid component moves primarily
with the flow conduit. For a solid particle, the worst
case is a decoupling ratio of about 0:1, where the
solid particle is substantially stationary during
conduit oscillation. This occurs when the frequency is
high and the particle density is high. Decoupling is,
in general, a complicated function of many input
parameters, which makes it very difficult to
compensate for in flow meter measurements. However, it
has been found that the decoupling effect is
negligible for small gas bubbles. Similarly, where the
flow fluid is highly viscous, the decoupling may not
occur or may only occur with very high vibrational
frequencies. Further, in an entrained gas scenario, if
the foreign material is mixed well with the flow
fluid, decreasing the bubble size and/or evenly
distributing the gas, then the decoupling can be
reduced or effectively eliminated in some cases. Also,
a high flow fluid viscosity reduces or eliminates
decoupling and increases measurement accuracy.
However, the characteristics of the flow fluid may be
fixed in nature and the bubble size and viscosity may
have to be accepted as-is. A very low frequency
vibratory flow meter can be designed to be immune from
multi-phase effects, including both
SOS/compressibility effects and decoupling effects. Of
course, where the volume of entrained foreign material
gets large enough, even avery low frequency vibratory
flow meter may suffer some effects, but a very low
frequency flow meter will still exhibit much greater
accuracy and reliability than moderate or high
frequency prior art vibratory flow meters. FIG. 7
shows a simple free body diagram that illustrates the
source of errors in multi-phase flow in vibratory flow
meters. Consider two fluid parcels of equal density
and size switching places due to turbulent induced
fluid mixing during an oscillation of the flow tubes,
as shown on the left side of the figure. Because the
densities of the fluid particles are equal in the
single phase scenario of the left flow conduit, no
change in the location of the center of gravity (CG)
occurs and the natural frequency of the system is
unaffected. However, in multi-phase mixtures, as shown
in the right flow conduit of the figure, the two fluid
parcels or 



particles that switch places during an oscillation are
of different densities, causing a change in the
location of the CG of the tube. For example, if a
bubble moves further than the tube on each
oscillation, then some fluid must move in the opposite
direction to fill the void left by the bubble. This
must be the case because a constant bubble size and
mass and an incompressible liquid phase are assumed.
When the particle density differs from the fluid
density, additional forces such as the added mass and
drag forces cause a particle motion that is relative
to the fluid on each oscillation. These forces act in
the same direction on every particle, causing
nonrandom displacements that are coordinated with each
oscillation cycle. Consequently, a change in the
location of the CG of the tube occurs according to the
drive frequency. FIG. 8 depicts the motion of a
relatively light particle of radius a inside a tube of
a vibratory flow meter filled with a denser flow
fluid. The particle moves a total distance of Ap
relative to a stationary inertial frame, with each
quarter oscillation of the tube from midline to peak.
This relative motion is defined as Ap - Af because the
tube moves forward by Af during each quarter
oscillation. When a bubble moves too far forward in
the fluid during an oscillation, some quantity of
fluid must backfill the vacated volume. This causes a
change in the location of the CG. The change in CG
location can be calculated in terms of meter and fluid
parameters to determine, for example, the expected
density measurement error for a vibratory flow meter
with multi-phase flow. The same exercise can be done
for mass flow, although decoupling as a function of
length along the flow conduit must then beconsidered.
Several assumptions are made in the following
derivation of density error due to decoupling. The
particle motion in an oscillating fluid medium is well
defined by an amplitude ratio and phase angle, however
it is only possible to derive an analytic expression
for density error due to decoupling in a flow meter
using a CG approach, when the phase angle between the
particle and fluid is assumed to be zero. The
assumption of zero phase angle is perfectly met for
the case of an infinitely viscous fluid or an inviscid
fluid, for example when the flow conduit is vibrated
at very low or very high frequency, respectively. For
other scenarios, the phase angle is usually less than
twenty degrees, so a good first approximation of
density error for the range of meter and 



fluid parameters found for a vibratory flow meter is
expected. A constant tube volume, particle size, and
particle mass during oscillation are also assumed.
These assumptions are well met for any foreign
material inclusion type, regardless of the inclusion
density. FIG. 9 shows a total relative motion between
the particle and fluid on a single quarter oscillation
of the flow tube, including the change in location of
the CG. The movement of the CG due to decoupled motion
of particles in an oscillating flow tube can be
calculated. The movement of the CG causes a
measurement error which depends on the densities of
the components and how far the particles decouple. The
path of a particle moving relative to the fluid traces
out a three-dimensional cylinder with hemispheres of
radius a at both ends. The total volume of particle
and fluid affected by the motion of the particle
relative to the fluid on a quarter oscillation is
defined as follows. Liquid Volume Displaced = (Ap - Af
)(pa2) (12) 4 Particle Volume Displaced =-pa3 (13) The
above expressions are multiplied by respective
densities to find the mass of each component
displaced. Working in terms of mass allows for
arbitrary fluid and particle densities. Liquid Mass
Displaced = Pf { p - Af ){pa2) (14) Particle Mass
Displaced = pp -pa3 \ (15)Using FIG. 9, the location
of the CG of each of the particle and liquid
components is calculated before and after oscillation.
FIG. 10 gives the locations of the CG of the particles
and of the liquid components, referenced from the
dotted line in FIG. 9 to the CG of each component,
labeled (1) to (4). Note the negative sign included in
the calculation of the first mass i 1 (1). This is
required because this mass is to be subtracted from
the fluid cylinder (2), which is otherwise full of
fluid. The total mass of the composite that moves is
defined by: = mI =pa2pf Ap - Af )+- pa3pp (16) The CG
of the displaced fluid before the particle moves from
zero to peak is 



defined as follows: The CG of the displaced fluid
after the particle moves from zero to peak is defined
as follows: The total distance that the CG moves in
the relative reference frame can be found by
subtracting equation (17) from equation (18). The
expression can be simplified in order to more clearly
expose the important parameters.If the density ratio
is exactly unity (p/pp = 1), as for a single phase
fluid, then there can be no change in location of the
CG. If the bubbles are vanishingly small, then Ap =Af,
and there can be no change in location of the CG. In
the limit of small density ratio (b/ pp " 1), as for
the case of a heavy solid particle in a fluid of
negligible density, the change in location of the CG
reduces to - / because Ap approaches zero, as required
by the model. In this case, the particle is so heavy
that it remains stationary in the inertial reference
frame while the fluid moves around it. Finally, for
the case of a massless particle in a liquid, the
density ratio approaches infinity (b/ pp ) and the
change in location of the CG depends only on particle
size, AQ = -4a/3. The composite mass M defined by
equation (16) experiences the shift in CG (DQ) defined
by equation (19) on each oscillation. This knowledge
of the motion of the CG does not immediately yield an
expression for density measurement error. Instead, a
fictitious mass that is stationary in the inertial
frame during each oscillation of the flow tube is
determined so as to produce the same overall motion of
the CG. It may then be assumed that this stationary
mass of fluid is absent from the density measurement
because its motion is entirely decoupled from the tube
motion. As a result, the natural frequency of the
system increases, and in the case of a vibrating
densitometer, negative density error results. From the
perspective of a stationary observer in the inertial
frame, a single phase fluid of mass (mf) in the tube
of a vibratory flow meter has momentum (p) defined by
the mass of the fluid multiplied by the sinusoidal
tube velocity, giving (p = mfAfCocos(cot)). From the
perspective of an observer moving with the tube, the
single phase fluid has no momentum because the
velocity of the CG of the fluid is exactly zero 



(AQ = 0). However, when multiple phases are present,
it can be shown that the motion of the CG of the
mixture is non-zero with respect to a relative
reference frame moving with the tube (AQ  O). This
results in non-zero momentum in the relative frame. It
can be demonstrated that this momentum, caused by
decoupling, results in density measurement errors.The
momentum produced by the known mass and motion of the
CG (M, AQ) is first calculated from the known particle
motion. A fictitious stationary mass is then found
that produces the same net momentum on each
oscillation. Momentum for a composite mass is simply
the total mass times the velocity of the CG of the
composite. For the case of the decoupled fluid and
particle, the CG of mass M displaces by a magnitude DQ
on each quarter oscillation. Because the motion is
assumed to be sinusoidal with angular frequency (w)
and zero phase, the momentum (p) can be defined in
terms of the harmonic displacement of the CG. p
=M-[AQsin( wt)] =wAQMcos( w (21) (Li FIG. 9 represents
one possible configuration of moving masses over
distances which produces the momentum defined in
equation (21). However, there are infinite other
possible configurations of certain masses moving
certain distances that could produce the same net
momentum in the relative frame. A configuration that
produces the equivalent momentum and that is composed
of a mass which remains stationary in the inertial
reference frame is desired. This mass is not measured
by the vibratory flow meter because it is entirely
decoupled from tube motion. Equation (22) finds the
total effective mass of fluid (M'), which would have
to be stationary in the inertial frame to produce an
equivalent momentum as that produced by equation (21).
The (-Af) term appears because the effective
stationary mass is needed in terms of the inertial
coordinate system. The CG calculations above have
referred to the relative frame with coordinate (q).
However, the value of (q) is needed where the CG of
the mass is stationary in the inertial frame. Because
(x = q + Af), for a stationary mass it is found that
(x = 0) and (q = -Af) . This describes the fact that a
mass moving a distance (-Af) in the (q) coordinate
system is actually stationary with respect to the
inertial frame. 



Assuming equivalent momentum requires that the
stationary mass (M') is defined as follows. M[AQwcos(w
] =M'[-A f wcos(wt)] (22)Equation (24) gives the
effective stationary mass due to the motion of a
single particle of specific radius, with associated
decoupling ratio and density. The mass is dependent on
the volume of the particle, the density difference,
and the extent of decoupled motion. For the more
general case of a range of particle sizes and particle
densities, the expression for stationary mass requires
a summation over each particle in the flow tube. It is
assumed that the displacement amplitude of each
particle could be different, depending on particle
size and particle density. The fluid density and fluid
displacement amplitude, however, are assumed to be
constant for each particle. Thus, p/ and Af do not
need subscripts in the following summation, while any
quantities referring to the particle do. Consider a
mixture consisting of a bubble and a solid particle
suspended in a water-filled tube which is oscillating
at amplitude Af. The decoupling ratio A1JAf) is
greater than unity for the bubble and less than unity
for the solid particle, and thus M'would consist of
two separate terms representing the effective loss in
mass from the individual decoupled motion of each
particle. Assuming there are N particles, each of
which has an associated density, radius, and amplitude
response, the total effective mass of decoupled fluid
M' is given by the equation: If a constant particle
density and size are assumed, then equivalent motion
is expected for each particle and the subscripts are
no longer needed on a, pp , or Ap . This allows for
the removal of the summation of equation (25),
yielding: It is recognized that N multiplied by the
volume of each particle is simply the total particle
volume inside the flow tube. Equation (26) is now
divided by the total tube volume, which is the sum of
the particle and fluid volumes, yielding:Dividing by a
known volume reveals a density quantity from what was
previously a mass quantity. The definition of the
particle volume fraction, a, is simply the particle
volume divided by the total volume. Thus, the
effective non-contributing portion of density is
defined in terms of the particle volume fraction, a,
as in: The actual mixture density and the decoupled
density are defined in terms of the volume fraction of
the dispersed phase, a , yielding: 



Pactual = P f (\ ~ a ) + P p a (29) decouf) led = p f
(l-a) + p p a -(p f - p p ) (30) Recall that the
actual density of the multi-phase fluid in the
vibratory flow meter given by equation (29) is the
mixture density, not the liquid density. Equation (30)
represents the density that would be measured by the
vibratory flow meter due to the decoupled motion of
the particles. The error from true mixture density due
to decoupling can be found by subtracting equation
(29) from equation (30), yielding: P error P decoupled
P actual \ P f P p ) (31) A f Alternatively, the
density error can be expressed in percent form, which
allows for better comparison between widely varied
fluid densities.Here, the (pf) term is the density of
the flow fluid, the (pp) term is the density of the
entrained particles, the (Ap/Af) term is the
decoupling ratio, and the (a) term is the particle
volume fraction (i.e., a particle size or particle
size distribution). As a check of these results,
consider the extreme cases of a bubble in an inviscid
fluid or an infinitely viscous fluid, for which the
decoupling ratios are explicitly known. Here a
particle density of zero is assumed, although for the
infinitely viscous case this is not necessary because
the decoupling is eliminated completely for a particle
of any density. For an inviscid fluid and mass-less
particle, the decoupling ratio is exactly three (i.e.,
3:1), and for an infinitely viscous fluid the
decoupling ratio is exactly unity. For each of these
conditions, equation (30) reduces to the following: P
decoupled ,im isad ,bubble = P f ) P
decoupled,viscous,bubble = P f \ ~ a ) ) These results
are equivalent to those found in previous works such
as Hemp & Yeung (2003). The maximum neglected density
of two times the void fraction times the fluid density
is found for the case of a bubble in an inviscid
fluid, while no neglected density is predicted for a
bubble in an infinitely viscous fluid. Therefore, if a
mixture with 1% gas void fraction is present, the
density error is expected to be between 0 and - 2%,
depending on viscosity, bubble size, meter frequency,
and other parameters. It should be noted that this
rule of thumb is only valid for particles with
negligible mass. 



For example, if the mass of the particle is greater
than the liquid, the magnitude of the density error
can actually be greater than twice the particle volume
fraction. According to equation (31), the measured
density of a bubbly fluid will be erroneously low
because the decoupling ratio is greater than one. This
is intuitive, as bubbles move farther through the
fluid on each oscillation, causing fluid to move
backwards to fill the vacated volume. The result is an
apparent density which is less than the true mixture
density. Error is also found to be increasingly
negative for larger bubbles, as is expected because
large bubbles decouple further and increase the
nonparticipating mass. For the case of a dense solid
particle in a liquid, the decoupling ratio is less
than one and the density difference, P/- pp , is
negative, causing the last term in equation (30) to be
negative, similar to the case of a bubble. This is
expected because asolid particle does not move as far
as the fluid, so again there is a backward shift in
the CG of the tube wherein the heavy component moves
less on average than the tube itself. FIG. 11 is a
graph of decoupling density error versus particle
density. The fluid is water with 1 cP viscosity, 998
kg/m3 density, and an oscillation frequency and
amplitude of 100 Hz and 0.37 mm (0.015 in),
respectively. As can be seen in the graph, the density
error due to decoupling is always negative, regardless
of particle density (except in the case of no
decoupling, for which the density error is zero). The
no decoupling scenario occurs when the particle is the
same density as the fluid or when viscous forces are
so high that no relative motion occurs. FIG. 11 is
based on equation (32) for the density error,
expressed in percent form, assuming no phase angle
between the particle and fluid. The density error
approaches the theoretical maximum of -2a for
mass-less bubbles, although it is limited somewhat by
viscous effects. If viscosity were to approach zero,
the density error at 0 kg/m3 particle density would
approach the expected value of -2%. The effect of
other meter design parameters and fluid properties on
density error during multi-phase flow has also been
investigated. It is assumed that there is no phase
difference between the particle and the fluid. The
density error approximation given by equation (32) is
employed. FIG. 12 is a surface plot of density error
for fluid viscosity versus particle size. 



Density error is controlled primarily by the
decoupling ratio rather than the phase angle, as shown
in the figure. As expected, density error is minimized
for small bubbles in high viscosity fluids and grows
with increasing bubble size and/or with decreasing
viscosity. Because the particle density is negligible,
the results follow a rule of thumb that the density
error varies between zero and minus two times the void
fraction, depending on parameters such as bubble size
and viscosity. For large particles in low viscosity
fluids, the nearly inviscid case of -2% density error
for 1% gas volume fraction may be reached. FIG. 13 is
a surface plot of density error for fluid viscosity
versus particle density. As expected, errors increase
as the fluid-to-particle density ratio deviates from
the single phase ratio of 1:1. The most severe density
errors result from gas bubbles or highly dense
particles in relatively inviscid fluids. For the case
of high density particles, note that the magnitude of
the density error may exceed two times the particle
volumefraction. As particle density increases, the
amplitude ratio (Ap/Af) becomes small, meaning that
the particle barely moves with each oscillation from
the perspective of a laboratory observer. Thus, an
increasingly heavy particle is increasingly
stationary, causing a large backward movement of the
CG of the flow tube and a corresponding large negative
density error. FIG. 14 is a surface plot of density
error for conduit amplitude versus vibrational
frequency. The figure gives density error as a
function of meter design parameters. The density error
can be minimized by using a very low frequency
vibratory flow meter. Additionally, the flow meter can
vibrate at a very low amplitude, concurrent with the
very low frequency. For example, at a constant tube
amplitude of about 0.5 mm, the density error is 0.35%
higher for a vibratory flow meter oscillating at 400
Hz than a vibratory flow meter oscillating at 100 Hz,
and 0.5% higher for a 1000 Hz meter. At the same
amplitude, density error is only -0.4% for a flow
meter vibrating at 10 Hz, and error is virtually
eliminated for frequencies less than 1 Hz. A very low
vibrational frequency can be achieved by vibrating the
flow meter assembly 10 at a first bending mode. The
first bending mode comprises a resonant frequency of
the flow meter assembly 10, wherein the length of a
flow conduit moves in 



a single direction. A high vibrational frequency can
comprise vibrating the flow meter assembly 10 at a
second or higher bending mode. At higher bending
modes, additional vibration nodes exist on a flow
conduit. The conduit portions on either side of this
vibrational node move in opposite directions. In some
embodiments, the very high frequency vibratory flow
meter 5 can operate at a very high frequency as a
result of flow meter design. In some embodiments, the
very high frequency vibratory flow meter 5 can operate
at a very high frequency as a result of the
configuration of a drive signal. FIG. 15 is a chart
that shows simulation results of total density error
from a very low frequency mode, a medium frequency
mode, and a very high frequency mode of a Coriolis
flow meter. It can be seen that at very small particle
sizes, any decoupling is negligible, such as where the
decoupling ratio (Ap/Af) is approximately one and the
density error is correspondingly insignificant. In
this small particle scenario, speed of sound
(SOS)/compressibility effects dominate. As a result,
the medium and highfrequency modes have positive
errors and the low frequency mode does not have much
error at all. However, when bubbles get bigger than a
few tenths of a millimeter in diameter, decoupling
effects begin to dominate the SOS/compressibility
effects and the error goes negative. Note that as
particle size increases, the observed error will
asymptotically converge to the inviscid model results,
i.e., at an about 3:1 decoupling ratio (Ap/Af) . This
asymptote happens earlier in terms of bubble size when
the oscillation frequency is high. Therefore, if a
meter is vibrated at a high enough frequency, then
equation (32) can be employed. Equation (32) is
independent of bubble size and flow fluid viscosity.
FIG. 16 shows a very high frequency vibratory flow
meter 5 according to an embodiment of the invention.
The very high frequency can be based on an effective
length of the one or more flow conduits 103A, 103B and
the geometry of the flow meter 5, as previously
discussed. The effective length in some embodiments
can be controlled by the flow conduit geometry. In
addition, the drive frequency can be further affected
by one or more balance masses that can optionally be
affixed to the one or more flow conduits 103A, 103B,
as needed. 



In the figure, the flow meter 5 has a large length L
in proportion to a relatively small height H. The very
high frequency vibratory flow meter 5 therefore may
have a low height-to-length aspect ratio (H/L). For
example, a height-to-length aspect ratio (H/L) may be
less than or much less than one. Therefore, the very
high frequency vibratory flow meter 5 according to the
invention is relatively small and therefore easy to
accommodate in most metering applications. In some
embodiments, the very high frequency comprises a
vibration frequency above 1,500 Hz. In some
embodiments, the very high frequency comprises a
vibration frequency above 2,000 Hz. In some
embodiments, the very high frequency comprises a
vibration frequency above 3,000 Hz and beyond.
However, it should be understood that the vibration
frequency can be at any frequency above these
thresholds, as the required very high frequency will
ultimately depend on various factors, including the
flow fluid composition and the nature of the entrained
foreign material, for example. It should be understood
that alternatively both a very low frequency vibratory
flow meter and a very high frequency vibratory flow
meter can be used together in order to achieve the
results discussed herein. For example, two flow meters
can measure theflow fluid at different frequencies and
the resulting measurement signals can be processed
according to various embodiments of the invention. The
processing can be performed in the meter electronics
of either flow meter, or can be performed in a
separate device. It should be understood that the
vibratory flow meter 5, whether configured to be a
very low frequency vibratory flow meter or a very high
frequency vibratory flow meter, can be operated at
multiple vibration frequencies. For example, the
vibratory flow meter can be operated at a plurality of
frequencies to generate a plurality of vibrational
responses, wherein the plurality of vibrational
responses are compared in order to determine an
approximate onset of multi-phase effects. FIG. 17 is a
flowchart 1700 of a method for determining one or more
flow fluid characteristics of a multi-phase flow fluid
according to the invention. In step 1701, a vibratory
flow meter is operated at one or more very low
operating frequencies and one or more very high
operating frequencies. The vibratory flow meter can be
operated to 



substantially sequentially vibrate at the multiple
frequencies in some embodiments. Alternatively, the
vibratory flow meter can be operated to substantially
simultaneously vibrate at the one or more very low
frequencies and at the one or more very high
frequencies. The one or more very low frequencies and
the one or more very high frequencies may be
determined based on an expected flow fluid, for
example. Alternatively, the one or more very low
frequencies and at the one or more very high
frequencies may depend at least somewhat on other
constraints, such as fluid pressure or available
physical space for the meter, for example. Other
constraints are contemplated and are within the scope
of the description and claims. For example, entrained
gas in the expected flow fluid can cause errors in
measurement. Depending on bubble size and flow fluid
viscosity, a gassy or bubbly flow fluid at a given
vibrational level may exhibit more measurement error
than an equivalent entrained solids multi-phase flow.
Entrained solids typically do not exhibit
compressibility effects and tend to decouple to a
lesser extent than bubbles. Consequently, an entrained
gas multi-phase flow fluid might require a more
extreme frequency or frequencies than an entrained
solids multi-phase flow fluid, depending on
conditions.The expected fluid flow can allow for
frequency design based on an expected particle or
bubble size in the flow, or an expected range of
sizes. For example, the vibratory flow meter can be
designed in some embodiments to reliably make fluid
measurements during two phase flow including small to
moderate bubbles/particles. The vibratory flow meter
can be designed in some embodiments to reliably
measure entrained gas for bubbly flows but not slug
flows. Alternatively, with careful design, the
vibratory flow meter can be designed to accurately and
reliably measure even slug flows. Further, the
vibratory flow meter can be designed to accurately and
reliably measure multi-phase flow fluids including
both bubbles and solids, such as concrete or other
cement mixtures, for example. The determining can
further take into account operating constraints of the
vibratory flow meter. The operating constraints can
include a flow fluid pressure. The 



operating constraints can be independent of or can
include a flow fluid viscosity. The operating
constraints can include an expected foreign material
type or types. The operating constraints can include
an expected foreign material size or sizes. The
operating constraints can include an available
physical space for the vibratory flow meter. In step
1702, one or more very low frequency vibrational
responses and one or more very high frequency
vibrational responses are received. The vibrational
responses will be received in response to the very low
and very high drive frequencies used to vibrate the
flow meter assembly 10. In step 1703, one or more flow
fluid characteristics are determined from the one or
more very low frequency vibrational responses and the
one or more very high frequency vibrational responses.
The one or more flow fluid characteristics can include
a mixture mass flow rate ( imx ) and a mixture density
( p mx ) that are highly accurate and not
substantially affected by multi-phase flow effects.
The one or more flow fluid characteristics can further
include a fluid mass flow rate (mf ) and an entrained
particle/gas mass flow rate (mp ) that are accurate
and not substantially affected by multi-phase flow
effects. The one or more flow fluid characteristics
can further include a component fluid density ( p f )
that is accurate and not substantially affected by
multi phase flow effects. The one or more flow fluid
characteristics can further include a fluidfraction (
ff ), a particle fraction ( fp ), and a mixture speed
of sound (cmix) . Other additional flow fluid
characteristics are contemplated and are within the
scope of the description and claims. The determining
may include using a known or assumed value for the
decoupling ratio (Ap/Af) . At very low frequencies,
the decoupling ratio (Ap/Af), whether for entrained
gas or entrained solids, can be assumed to be about
1:1. At very high frequencies, the decoupling ratio
for entrained gas can be assumed to be about 3:1,
while the decoupling ratio for entrained solids can be
assumed to be about equal to 3/(1 At very low
frequencies, the flow fluid viscosity can be assumed
to be approximately infinity. At very high
frequencies, the flow fluid viscosity can be assumed
to be approximately zero. 



As an example, several equations may be used for
processing the resulting very low and very high
frequency vibrational responses. Equation (35), below,
may be applied at any vibration frequency, whether
high or low. At very low frequencies, however, the
decoupling ratio (Ap/Af) will be one, as previously
discussed. As a result, the right hand term in
equation (35) is effectively zero, so the density
measured by the vibratory flow meter is the actual
mixture density ( p ma ) . As a result of the very low
frequency, it is known that this measured mixture
density ( p ma ) is accurate and reliable. Also, at
the very low vibrational frequency, the measured
mixture mass flow (mm x ) is also known to be accurate
and reliable, as previously discussed. Equation (35)
can also be applied at one or more very high
frequencies, such as the examples shown in equations
(45)-(46), below. In each case, the decoupling ratio
will remain substantially constant - and independent
of bubble size, for example - over the one or more
very high frequencies (although the SOS term will
increase with increasing frequency (w)).ff +fp =\ (37)
m m = m f m p (39) In one example, the vibratory flow
meter is used to determine one or more flow fluid
characteristics of oil from a well, where gas is
entrained in the oil. In a worst case scenario, the
densities and fractions of the oil and gas are not
known or assumed, although the flow fluid pressure and
temperature are typically measured or known. The
vibratory flow meter is vibrated using at least one
very low frequency and at least one very high
frequency. The desired flow fluid characteristics
commonly include at least a mixture mass flow rate
(mmx ) and a mixture density ( p mx ) . In addition,
the (fluid) oil component mass flow rate (mf ) and
density ( pf ) are likely to be desired. This may
require or necessitate determining an oil/liquid
fraction of the multi-phase flow. The mass flow rate
(mp ) and density ( p p ) of the gas component (where
gas bubbles are the entrained particles (p)) may or
may not be desired. The (particle/bubble) gas density
( p p ) can be calculated from the ideal gas law P =
ppRT. However, the fluid density (pf) is still needed.
Additional vibrations performed at very high
frequencies will provide 



additional equations, enabling the solution of an
equivalent number of unknowns. Therefore, where the (
ff ), ( fp ), and ( cm x ) terms are desired, two
additional very high frequency vibrations are needed,
which will provide the results shown in equations (45)
and (46). The two very high frequencies (coi) and (w2)
can comprise any suitable frequencies. <P f +<P p =
(42) i ma =mf +mp (43)The use of two or more versions
of equation (35), i.e., producing the results shown in
equations (45) and (46), enables the elimination of
the common SOS term (Cm1x) . The resulting two
equations can be solved in order to determine the
unknowns (ff ) and (fp ), Then additional flow fluid
characteristics can be derived using equations (41)
through (44). Other equations are contemplated and are
within the scope of the description and claims.What is
claimed is: 1. A vibratory flow meter (5) for
determining one or more flow fluid characteristics of
a multi-phase flow fluid, the vibratory flow meter (5)
comprising: a flow meter assembly (10) including one
or more flow conduits (103A, 103B), with the flow
meter assembly (10) being configured to generate a
very low frequency response that is below a
predetermined minimum decoupling frequency for the
flow fluid and to generate a very high frequency
response that is above a predetermined maximum
decoupling frequency for the flow fluid, independent
of the foreign material size or the foreign material
composition; and meter electronics (20) coupled to the
flow meter assembly (10) and configured to receive one
or more very low frequency vibrational responses and
one or more very high frequency vibrational responses
and determine the one or more flow fluid
characteristics from the one or more very low
frequency vibrational responses and the one or more
very high frequency vibrational responses. 2. The
vibratory flow meter (5) of claim 1, wherein the meter
electronics (20) is 



configured such that a decoupling ratio (Ap/Af) is
about 1:1 for the very low frequency and is configured
such that a decoupling ratio (Ap/Af) is about 3:1 for
entrained gas at the very high frequency and is about
equal to 3/(1 + (2 * Pp/pf)) for entrained solids at
the very high frequency. 3. The vibratory flow meter
(5) of claim 1, wherein the meter electronics (20) is
configured such that a viscosity is effectively
infinity with regard to particle motion for the flow
fluid at the very low frequency and is configured such
that a viscosity is effectively zero with regard to
particle motion for the flow fluid at the very high
frequency. 4. The vibratory flow meter (5) of claim 1,
wherein the very low frequency is below a
predetermined minimum SOS/compressibility threshold,
independent of a foreign material size or a foreign
material composition.5. The vibratory flow meter (5)
of claim 1, wherein the very low frequency vibrational
response corresponds to an inverse Stokes number (d)
that is above about 3.5 and wherein the very high
frequency vibrational response corresponds to an
inverse Stokes number (d) that is less than about 0.1.
6. The vibratory flow meter (5) of claim 1, wherein
the one or more flow conduits (103A, 103B) are
configured to achieve the very low frequency and the
very high frequency by configuration of one or more of
a flow conduit stiffness, flow conduit length, flow
conduit aspect ratio, flow conduit material, flow
conduit thickness, flow conduit shape, flow conduit
geometry, or one or more vibrational node positions.
7. The vibratory flow meter (5) of claim 1, with the
vibratory flow meter being configured to operate at a
first bending mode and higher bending mode
frequencies. 8. The vibratory flow meter (5) of claim
1, wherein the vibratory flow meter is operated at a
plurality of frequencies to generate a plurality of
vibrational responses, wherein the plurality of
vibrational responses are compared in order to
determine an approximate onset of multi-phase effects.
9. The vibratory flow meter (5) of claim 1, with the
flow meter assembly (10) comprising two or more flow
meter assemblies (10) that are vibrated to generate
the very low frequency response and the very high
frequency response. 



10. A method for determining one or more flow fluid
characteristics of a multi-phase flow fluid, the
method comprising: vibrating a vibratory flow meter
assembly at one or more very low frequencies that are
below a predetermined minimum decoupling frequency for
the flow fluid and vibrating the flow meter assembly
at one or more very high frequencies that are above a
predetermined maximum decoupling frequency for the
flow fluid, independent of the foreign material size
or the foreign material composition;receiving one or
more very low frequency vibrational responses and one
or more very high frequency vibrational responses; and
determining the one or more flow fluid characteristics
from the one or more very low frequency vibrational
responses and the one or more very high frequency
vibrational responses. 11. The method of claim 10,
with the one or more very low frequencies resulting in
a decoupling ratio (Ap/Af) of about 1:1 and with the
one or more very high frequencies resulting in a
decoupling ratio (Ap/Af) of about 3:1 for entrained
gas and about equal to 3/(1 + (2 * Pp/pf)) for
entrained solids. 12. The method of claim 10, with the
one or more very low frequencies resulting in a
viscosity that is effectively infinity with regard to
particle motion for the flow fluid and with the one or
more very high frequencies resulting in a viscosity
that is effectively zero. 13. The method of claim 10,
wherein the one or more very low frequencies are below
a predetermined minimum SOS/compressibility threshold,
independent of a foreign material size or a foreign
material composition. 14. The method of claim 10,
wherein the one or more very low frequency vibrational
responses correspond to an inverse Stokes number (d)
that is above about 3.5 and wherein the one or more
very high frequency vibrational responses correspond
to an inverse Stokes number (d) that is less than
about 0.1. 15. The method of claim 10, with the
vibratory flow meter being configured to operate at a
first bending mode and higher bending mode
frequencies. 



16. The method of claim 10, wherein the vibratory flow
meter is operated at a plurality of frequencies to
generate a plurality of vibrational responses, wherein
the plurality of vibrational responses are compared in
order to determine an approximate onset of multi-phase
effects.17. The method of claim 10, with vibrating the
vibratory flow meter assembly at the one or more very
low frequencies and at the one or more very high
frequencies comprising vibrating two or more vibratory
flow meter assemblies. 18. A method of forming a
vibratory flow meter for determining one or more flow
fluid characteristics of a multi-phase flow fluid, the
method comprising: determining at least one
predetermined very low frequency and at least one
predetermined very high frequency for the vibratory
flow meter based on at least an expected flow fluid,
with the at least one predetermined very low frequency
being below a predetermined minimum decoupling
frequency and with the at least one predetermined very
high frequency being above a predetermined maximum
decoupling frequency for the flow fluid, independent
of a foreign material size or a foreign material
composition; selecting one or more flow conduit design
characteristics based on the at least one
predetermined very low frequency and on the at least
one predetermined very high frequency, with the one or
more flow conduit design characteristics being
selected to substantially achieve the at least one
predetermined very low frequency and the at least one
predetermined very high frequency; and constructing
the vibratory flow meter employing the selected one or
more flow conduit design characteristics. 19. The
method of claim 18, with the at least one
predetermined very low frequency resulting in a
decoupling ratio (A1 Af) of about 1:1 and with the at
least one predetermined very high frequency resulting
in a decoupling ratio (Ap/Af) of about 3:1 for
entrained gas and about equal to 3/(1 + (2 * pp/pf))
for entrained solids.20. The method of claim 18, with
the at least one predetermined very low frequency
resulting in a viscosity that is effectively infinity
with regard to particle motion for the 



flow fluid and with the at least one predetermined
very high frequency resulting in a viscosity that is
effectively zero. 21. The method of claim 18, wherein
the at least one predetermined very low frequency is
below a predetermined minimum SOS/compressibility
threshold, independent of a foreign material size or a
foreign material composition. 22. The method of claim
18, wherein the at least one predetermined very low
frequency corresponds to an inverse Stokes number (d)
that is above about 3.5 and wherein the at least one
predetermined very high frequency corresponds to an
inverse Stokes number (d) that is less than about 0.1.
23. The method of claim 18, with the vibratory flow
meter being configured to operate at a first bending
mode and higher bending mode frequencies. 24. The
method of claim 18, wherein the vibratory flow meter
is operated at a plurality of frequencies to generate
a plurality of vibrational responses, wherein the
plurality of vibrational responses are compared in
order to determine an approximate onset of multi-phase
effects. 25. The method of claim 18, with vibrating
the vibratory flow meter assembly at the one or more
very low frequencies and at the one or more very high
frequencies comprising vibrating two or more vibratory
flow meter assemblies. 




