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METHOD AND APPARATUS FOR DETERMINING DIFFERENTIAL FLOW
CHARACTERISTICS OF A MULTIPLE METER FLUID FLOW SYSTEM

TECHNICAL FIELD

The embodiments described below relate to, vibrating meters, and more

partizplarly, to a method and apparatus for determining differential flow characteristics

BACKGRO OF THE INVENTION

Vibratin@d\sensors, such as for example, vibrating densitometers and Coriolis

flow meters are ggnerally known and are used to measure mass flow and other
information for mateNals flowing through a conduit in the flow meter. Exemplary
Coriolts flow meters are Nisclosed in U.S. Patent 4,109,524, U.S. Patent 4,491,025, and
Re. 31,450 all to J.E. Smit\ et al. These flow meters have one or more conduits of
straight or curved configuraticy. Each conduit configuration in a Coriolis mass flow
meter has a set of natural vibratioy modes, which may be of simple bending, torsional,
or coupled type. Each conduit can be\driven to oscillate at a preferred mode.

Material flows into the flow metd from a connected pipeline on the inlet side of
the flow meter, is directed through the cotNuit(s), and exits the flow meter through the
outlet side of the flow meter. The natural Wpration modes of the vibrating, material
filled system are defined in part by the combinedmass of the conduits and the material
flowing within the conduits.

When there is no flow through the flow metey a driving force applied to the
conduit(s) causes all points along the conduit(s) to osciMate with identical phase or a
small “zero offset”, which is a time delay measured at zero Bow. As material begins to
flow through the flow meter, Coriolis forces cause each poinf\along the conduit(s) to
have a different phase. For example, the phase at the inlet end of th¢ flow meter lags the
phase at the centralized driver position, while the phase at the outletNegads the phase at
the centralized driver position. Pick-off sensors on the conduit(s) proXuce sinusoidal
signals representative of the motion of the conduit(s). Signals output from\he pick-off
sensors are processed to determine the time delay between the pick-off sens§gs. The
time delay between the two or more pick-off sensors is proportional to the masy flow

rate of material flowing through the conduit(s).
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Meter electronics connected to the driver generates a drive signal to operate the
driver and determines a mass flow rate and other properties of a material from signals
eceived from the pick-off sensors. The driver may comprise one of many well-known
ngements; however, a magnet and an opposing drive coil have received great
succdgs in the flow meter industry. An alternating current is passed to the drive coil for
vibratinX the conduit(s) at a desired flow tube amplitude and frequency. It is also
known in §e art to provide the pick-off sensors as a magnet and coil arrangement very
similar to the\driver arrangement. However, while the driver receives a current which
induces a motio\, the pick-off sensors can use the motion provided by the driver to
induce a voltage. Rae magnitude of the time delay measured by the pick-off sensors is
very small; often meMured in nanoseconds. Therefore, it is necessary to have the
transducer output be very\ccurate.

Generally, a Coriolis ¥low meter can be initially calibrated and a flow calibration
factor along with a zero offset Wan be generated. In use, the flow calibration factor can
be multiplied by the time delay masured by the pick-off sensors minus the zero offset
to generate a mass flow rate. In niNst situations, the Coriolis flow meter is initially
calibrated, typically by the manufdcturer, and assumed to provide accurate
measurements without subsequent calibr\tions required. In addition, a prior art
approach involves a user zero calibrating theN\flow meter after installation by stopping
flow, closing valves, and therefore providing ti¢ meter a zero flow rate reference at
process conditions.

As mentioned above, in many vibrating sensorf\including Coriolis flow meters,
a zero offset may be present, which prior art approaches Nitially correct for. Although
this initially determined zero offset can adequately correct measurements in limited
circumstances, the zero offset may change over time due to @\change in a variety of
operating conditions, mainly temperature, resulting in only\partial corrections.
However, other operating conditions may also affect the zero offset, INcluding pressure,
fluid density, sensor mounting conditions, etc, Furthermore, the zero off¥¢t may change
at a different rate from one meter to another. This may be of particuldy interest in
situations where more than one meter is connected in series such that each of (N meters
should read the same if the same fluid flow is being measured. Examples oX\such

situations involve fuel consumption and leak detection applications.
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It is known to determine a differential zero offset to configure the two meters to
read substantially the same flow rate when the flow rate flowing through the meters is
substantially equal as taught by International Publication WO/2011/019344, which is
asyigned to the present applicants and is hereby incorporated by reference for all that it
teachgs. However, there still exists a need for improving the differential measurement
obtained, from a multiple sensor system. The embodiments described below overcome
this and owger problems and an advance in the art is achieved. The embodiments
described beld\w improve upon a differential flow measurement obtained from two or
more vibrating M\gters by incorporating a low differential flow cutoff that corrects the
determined differetNjal flow along with other flow characteristics if the determined

differential flow is bel&w a threshold value or band.

SUMMARY OF THE INVENTION

A fluid flow system is Rrovided according to an embodiment. The fluid flow
systemn includes a pipeline with a\{lowing fluid and a first vibrating meter including a
first sensor assembly located within\the pipeline and configured to determine one or
more flow characteristics, including a fi%st flow rate. According to an embodiment, the
fluid flow system further includes a secon¥, vibrating meter including a second sensor
assembly located within the pipeline and in Rpid communication with the first sensor
assembly and configured to determine one or Wore flow characteristics, including a
second flow rate. According to an embodiment, theXJuid flow system further comprises
a system controller in electrical communication with X least one of the first or second
vibrating meters. The system controiler is configured tdreceive the first and second
flow rates and determine a differential flow rate based on theXirst and second flow rates.
According to an embodiment, the system controller is further cogfigured to compare the
differential flow rate to a threshold value or band and correc\ one or more flow
characteristics if the differential flow rate is léss than a threshold value\or band.

A meter electronics for a first sensor assembly located within a'Ripeline and in
fluid communication with a second sensor assembly of a vibrating meter\a electrical
communication with the meter electronics is provided according to an emboditNent. The
meter electronics is configured to receive sensor signals from the first sensor asSkmbly

and determine one or more flow characteristics, including a first fluid flow r\e.
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According to an embodiment, the meter electronics is further configured to receive a
second fluid flow rate from the second vibrating meter and determine a differential flow
ate based on the first and second fluid flow rates. According to an embodiment, the
ter electronics is further configured to compare the differential flow rate to a
thresRold value or band and correct one or more flow characteristics if the differential
is less than the threshold value or band.

A mgthod of operating a fluid flow system including a first vibrating meter and a
second vibratlgg meter in fluid communication with the first vibrating meter is provided
according to angmbodiment. The method comprises a step of receiving first sensor
signals from the figt vibrating meter and receiving second sensor signals from the
second vibrating metey, According to an embodiment, the method further comprises
steps of determining oneN\or more flow characteristics, including first and second flow
rates based on the first and\gecond sensor signals and determining a differential flow
rate based on the first and secoNd flow rates. According to an embodiment, the method
further comprises steps of compaNung the differential flow rate to a threshold value or
band and correcting the one or moreNflow characteristics if the differential flow rate is

less than the threshold value or band.

ASPECTS
According to as aspect, a fluid flow systet\comprises:
a pipeline with a flowing fluid;
a first vibrating meter including a first sensor asdembly located within the
pipeline and configured to determine one or\pore flow characteristics,
including a first flow rate;
a second vibrating meter including a second sensor assem{ly located within the
pipeline and in fluid communication with the first setdgor assembly and
configured to determine one or more flow characteristicy, including a
second flow rate;
a system controller in electrical communication with the first and sec
vibrating meters and configured to:
receive the first and second flow rates;

determine a differential flow rate based on the first and second flow rathg;
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compare the differential flow rate to a threshold value or band; and
correct one or more tlow characteristics if the differential flow rate is less
than a threshold value or band.
Preferably, the correction comprises setting the differential flow rate to zero.

Preferably, one of the first or second flow rates is determined using a differential

differential zero offéet if the differential flow rate is less than the threshold value for a
predetermined amount\f time.

Preferably, the syséem controller is further configured to apply a group delay to
one of the first or second floX rates such that the first and second flow rates are
representative of flow rates occlWring at substantially the same time.
According to another aspecy a ineter electronics for a first sensor assembly
located within a pipeline and in fluid Ypmmunication with a second sensor assembly of a
vibrating meter in electrical communicalpn with the meter electronics is configured to:

receive sensor signals from the first \ensor assembly and determine one or more

flow characteristics, including aXirst fluid flow rate;
receive a second fluid flow rate from the s§cond vibrating meter;
determine a differential flow rate based on th first and second fluid flow rates;
compare the differential flow rate to a threshold\alue or band; and
correct one or more flow characteristics if the diffedential flow rate 1s less than
the threshold value or band.
Preferably, the correction comprises setting the differentiy flow rate to zero.

Preferably, the meter electronics is further configured to def\mine the first fluid
flow rate using a differential zero offset.

Preferably, the meter electronics is further configured to determind\a new
differential zero offset 1f the differential flow rate is less than the threshold

band.
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Preferably, the meter electronics is further configured to determine a new
differential zero offset if the differential flow rate 1s less than the threshold value or
band for a predetermined amount of time.

Preferably, the meter electronics is further configured to determine the
diffexgntial flow rate using a group delay applied to the first flow rate such that the first
and secpd flow rates are representative of flow rates occurring at substantially the same
time.

Accordng to another aspect, a method of operating a fluid flow system including
a first vibrating iReter and a second vibrating meter in fluid communication with the first
vibrating meter comyrises steps of:

recetving first Sgnsor signals from the first vibrating meter and receiving second

sensor signNs from the second vibrating meter;

determining one or Nore flow characteristics, including first and second flow

rates based on thd\first and second sensor signals;

determining a differential Iw rate based on the first and second flow rates;

comparing the differential flowrate to a threshold value or band; and

correcting the one or more flow &garacteristics if the differential flow rate is less

than the threshold value or bdud.

Preferably, the correction comprises seNing the differential flow rate to zero.

Preferably, one of the first or second flowN\gates is determined using a differential
zero offset.

Preferably, the method further comprises a step\f determining a new differential
zero offset if the differential flow rate is less than the thresfold value or band.

Preferably, the method further comprises a step of detyymining a new differential
zero offset if the differential flow rate is less than the threshWd value or band for a
predetermined amount of time.

Preferably, the step of determining the differential flow rate colprises applying a
group delay to one of the first or second flow rates such that the first and second flow

rates are representative of flow rates occurring at substantially the same tim
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a vibrating meter according to an embodiment.

FIG. 2 shows a meter electronics for a vibrating meter according to an
elRbodiment.

FIG. 3 shows a fluid flow system according to an embodiment.

NG. 4 shows a graph of mass flow rate versus time.

FIQ\ 5 shows a graph of mass flow rate versus time with varying supply flow
rates.

FIG. 6 sNows a graph of differential flow rate and engine consumption with
various group delay

FIG. 7 shows agrocessing routine according to an embodiment.

DETAILED DESCRIPTIONOF THE INVENTION

FIGS. 1 — 7 and the folldyving description depict specific examples to teach those
skilled in the art how to make afy] use the best mode of embodiments of a vibrating
meter system. For the purpose of Ygaching inventive principles, some conventional
aspects have been simplified or omitiRd. Those skilled in the art will appreciate
variations from these examplies that fall Xithin the scope of the present description.
Those skilled in the art will appreciate thd\ the features described below can be
combined in various ways to form multiple variaMons of the vibrating meter system. As
a result, the embodiments described below are n& limited to the specific examples
described below, but only by the claims and their equivijents.

FIG. 1 shows an example of a vibrating meter 5 ) the form of a Coriolis flow
meter comprising a sensor assembly 10 and one or more Neter electronics 20. The
meter electronics 20 is connected to the sensor assembly 10 v\ leads 100 to measure
one or more flow characteristics of a material, such as, for examplx, density, mass flow
rate, volume flow rate, totalized mass flow, temperature, and other infdgmation.

The sensor assembly 10 includes a pair of flanges 101 and 101" Nnanifolds 102
and 102’, and conduits 103A and 103B. Manifolds 102, 102’ are affixedNo opposing
ends of conduits 103A, 103B. Flanges 101 and 101’ of the present embod¥pent are
affixed to manifolds 102 and 102’. Manifolds 102 and 102’ of the present embo&ment

are affixed to opposite ends of spacer 106. The spacer 106 maintains the spach\ag
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between manifolds 102 and 102’ in the present embodiment to prevent undesired
vibrations in conduits 103A and 103B. The conduits 103A and 103B extend outwardly
rom the manifolds in an essentially parallel fashion. When the sensor assembly 10 is
inNerted into a pipeline system (See FIG. 3) which carries a flowing material, the

mateNal enters the sensor assembly 10 through flange 101, passes through inlet

conduits 103A andN03B in a position where the driver can vibrate the conduits 103A,
103B in the drive mdde. More particularly, the driver 104 includes a first driver
component (not shown) Xfixed to conduit 103A and a second driver component (not
shown) affixed to conduit N)3B. The driver 104 may comprise one of many well-
known arrangements, such as &\magnet mounted to the conduit 103A and an opposing
coil mounted to the conduit 103B.

In the present example, the drixe mode is the first out of phase bending mode and
the conduits 103A, 103B are preferab

manifold 102 and outlet manifold 102° ¢

selected and appropriately mounted to inlet
as to provide a balanced system having
substantially the same mass distribution, mordgnts of inertia, and elastic modules about
bending axes W-W and W’-W’, respectively. Ii\the present example, where the drive
mode is the first out of phase bending mode, the conduits 103A, 103B are driven by the
driver 104 in opposite directions about their respectiveNpending axes W-W and W’-W’,
A drive signal in the form of an alternating current ¢cX be provided by the meter
electronics 20, such as for example, via pathway 110, and Rassed through the coil to
cause both conduits 103A, 103B to oscillate. Those of ordimyy skill in the art will
appreciate that other drive modes may be used within the shppe of the present
embodiment.

The sensor assembly 10 also includes a pair of pick-off sensors 10§, 105’ that are

105’ may be electromagnetic detectors, for example, pick-off magnets and pick-off c&ls
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that produce pick-off signals that represent the velocity and position of the conduits
103A, 103B. For example, the pick-off sensors 105, 105 may supply pick-off signals
o the meter electronics 20 via pathways 111, 111°. Those of ordinary skill in the art

| appreciate that the motion of the conduits 103A, 103B is proportional to certain
flowX\characteristics of the material, for example, the mass flow rate, density, volume
flow rat¥, etc. flowing through the conduits 103A, 103B.

It should be appreciated that while the sensor assembly 10 is described above as
comprising a\Jual flow conduit sensor assembly, it is well within the scope of the
present embodimgnt to implement a single conduit sensor assembly. Furthermore, while
the flow conduits\J03A, 103B are shown as comprising a curved flow conduit
configuration, the predent embodiment may be implemented with a sensor assembly
comprising a straight flowconduit configuration. Therefore, the particular embodiment
of the sensor assembly 10 de\gribed above is merely one example, and should in no way
limit the scope of the present erNpodiment.

In the embodiment shown W FIG. 1, the meter electronics 20 receives the pick-
off signals from the pick-off sensors N)5, 105°. Path 26 provides an input and an output
means that allows the meter electronics A0 to interface with an operator or another meter
electronics (See FIG. 3). The meter electroygics 20 measures one or more characteristics
of the system, such as, a phase difference, a Ngquency, a time delay, a density, a mass
flow rate, a volume flow rate, a totalized mass fldw, a temperature, a meter verification,
and other information. More particularly, the metéy electronics 20 can receive one or
more signals from the pick-off sensors 105, 105° and Woe or more temperature sensors
(not shown), and uses this information to measure the \arious characteristics of the
material.

The sensor assembly 10 can additionally include a tempdyature sensor 107, such
as a resistance temperature device (RTD), in order to measure a tetzperature of the fluid
within the conduits 103A, 103B. The RTD can be in electrical comni§nication with the
meter electronics 20 via lead 112.

The techniques by which vibrating meters, such as for example, (griolis flow
meters or densitometers measure flow characteristics are well understood; théefore, a

detailed discussion is omitted for brevity of this description.
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As discussed briefly above, one problem associated with vibrating meters, such
as Coriolis flow meters 1s the presence of a zero offset, which is a measured time delay
of the pick-off sensors 105, 105 at zero flvid flow. If the zero offset is not taken into
adgount in calculating the flow rate and various other flow characteristics, the measured
tflowharacteristics will typically include an error in the measurement. The typical prior
art apprRach to compensate for the zero offset is to measure an initial zero offset (Atp)
during an\gnitial calibration process, which usually involves closing valves and
providing a Xro flow reference condition. Such calibration processes are generally
known in the and a detailed discussion is omitted for brevity of the description.
Once an initial zeNy offset is determined, during operation, flow measurements are
corrected by subtractig the initial zero offset from the measured time delay according

to equation (1).
M = FCF (Atpeasurea to) (D

Where:

riv = mass flow rate;

FCF = Flow calibration factor;

At reasured = Measured time delay; and

Aty = initial zero offset.

It should be appreciated that equation (1) is Xgerely provided as an example and
should in no way limit the scope of the present embod\ment. Although equation (1) is
provided to calculate mass flow rate, it should be appreNated that various other flow
measurements may be affected by the zero offset and therefork, may also be corrected.

While this approach can provide adequate results in a\gingle sensor assembly
system, there are some situations where multiple sensor assembliéy are incorporated in
series. For example, as explained in the above-mentioned Interna§onal Publication
WO0O/2011/019344, some situations are more concerned with a differendq between two

measured flow rates determined by two or more sensor assemblies (diffékential flow
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vibrating meter being calibrated to provide a substantially equal mass flow rate when the
flow through the two meters is equal.
Because the two meters are configured to produce equal measurements under

edyal conditions, the absolute zero offset of the meters is not as important as in a single

an initial zerd\ offset of a sensor assembly combined with a differential error between
two or more sen¥pr assemblies. The differential zero offset may be required in order to
generate substantiN]ly equal flow rates through the sensor being calibrated and a
reference sensor. In oWier words, referring to equation (1) above, if the same fluid flow
rate flows through the séysor being calibrated and a reference sensor, the two sensors
can generate two mass flow\rates using equation (1) for each sensor. If the reference
sensor’s mass flow rate is assymed to be equal to the mass flow rate of the sensor
assembly being calibrated, then th\ differential zero offset of the sensor being calibrated
can be calculated. This new offset \g essentially a differential offset and is shown in

equations (2 and 3).

7hR =:Thc ::PY:FbLﬁtC —'(Atoc'+‘AtE (2)

g
FCF¢

(Btoc + Atg) = At — 3

Where:

nip = mass flow rate calculated from reference sensor;

. = mass flow rate calculated from sensor being calibrat

Aty = initial zero offset of the sensor being calibrated;

Aty = differential error;

At = measured time delay of the sensor being calibrated; and

FCF. = flow calibration factor of the sensor being calibrated.

Equation (3) can be further reduced by combining the zero offset of th\sensor
being calibrated and the differential error. The result is an equation that define\ the

differential zero offset, which is shown in equation (4).
11
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AfD = Atc - FTngC (4)

Where:
tp = differential zero offset.

refore, as explained in ‘344 publication, the differential zero offset can
account forg difference in measured flow characteristics between two or more sensor
assernblies thahare measuring substantially the same flow. When the differential zero
offset used in the\galibrated sensor rather than the initial zero offset to solve equation
(1), the differential rhgasurement performance of a sensor pair can be greatly improved.
The differential zero ofi\et can be stored in the meter electronics 20, for example.

FIG. 2 shows the égter electronics 20 according to an embodiment. The meter
electronics 20 can include Yn interface 201 and a processing system 203. The
processing system 203 may incliX]e a storage system 204. The storage system 204 may
comprise an internal memory as djown, or alternatively, may comprise an external
memory. The meter electronics 20 cal\generate a drive signal 211 and supply the drive
signal 211 to the driver 104. In additiol the meter electronics 20 can receive sensor
signals 210 from the flow meter 10 and/or e sensor assembly 10’ shown below, such
as pick-off sensor signals. In some embodimen), the sensor signals 210 can be received
from the driver [04. The meter electronics 20 &an operate as a densitometer or can

operate as a mass flow meter, including operating & a Coriolis mass flow meter. It

should be appreciated that the meter electronics 20 may'\Qlso operate as some other type

receive a temperature signal 212 from one or more resistance temperatureNevice (RTD)
sensors or other temperature measuring devices, for example.

The interface 201 can receive the sensor signals 210 from the driver 104 \r pick-
off sensors 105, 105’, via leads 110, 111, 111°. The interface 201 may perforn\any

necessary or desired signal conditioning, such as any manner of formatti
12
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amplification, buffering, etc. Alternatively, some or all of the signal conditioning can be
performed in the processing system 203. In addition, the interface 201 can enable

ommunications between the meter electronics 20 and external devices. The interface
2\ can be capable of any manner of electronics, optical, or wireless communication.

The interface 201 in one embodiment can include a digitizer (not shown),
whereinXhe sensor signals comprise analog sensor signals. The digitizer can sample and
digitize theé\analog sensor signals and produce digital sensor signals. The digitizer can
also perform W\ny needed decimation, wherein the digital sensor signal is decimated in
order to reduce e amount of signal processing needed and to reduce the processing
time.

The processing\gystem 203 can conduct operations of the meter electronics 20
and process flow measurepents from the flow meter 10. The processing system 203 can
execute one or more proces\ing routines, such as the differential offset determination
routine 213, and thereby proces\the flow measurements in order to produce one or more
flow characteristics that are compeXsated for a drift in the zero offset of the sensor.

The processing system 203 caQ comprise a general purpose computer, a micro-
processing system, a logic circuit, oN\some other general purpose or customized
processing device. The processing systdyp 203 can be distributed among multiple
processing devices. The processing system 2Q3 can include any manner of integral or
independent electronic storage medium, such as th¢ storage system 204.

It should be understood that the meter electignics 20 may include various other
components and functions that are generally known in e art. Those additional features
are omitted from the description and the figures for the piposes of brevity. Therefore,
the present embodiment should not be limited to the specifiy configuration shown and
discussed.

Although the above-mentioned vibrating meter can be impgmented as a single
vibrating meter system, there are many applications that utilize Wultiple vibrating
meters in series. In many of these applications, the absolute flow rate mdgsured by each
individual sensor assembly is not of particular interest, but rather the differegce between
the flow rates measured by the various sensor assemblies, i.e., the differential Now rate,
is primary flow characteristic of interest to the user or operator. Two common ex

of such a sitnation are in the application of fuel efficiency measurements and
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detections measurements. A fuel efficiency application is shown in FIG. 3; however,
the figure is equally applicable to other situations, such as leak detection systems, where
ultiple sensor assemblies are implemented in series and the difference in
mdgsurements between at least two sensor assemblies is of interest.

FIG. 3 shows a block diagram of a fluid flow system 300 according to an
emboditNent. Although the fluid flow system 300 is shown as a typical fuel efficiency
system, it Sjould be appreciated that fuel is merely one example fluid and the fluid flow
system 300 is\equally applicable to other fluids. Therefore, the use of fuel should not
limit the scope oNhe present embodiment.
The fiuid fl

sensor assembly 10 podtioned in the pipeline 302, a fuel outlet 304, and a second sensor

system 300 includes a fuel supply 301, a pipeline 302, a first

assembly 10’ positioned 1N the pipeline 302. The pipeline 302 therefore provides a fluid

communication path betwedq the first and second sensor assemblies 10, 10°. The
second sensor assembly 10’ may comprise a similar sensor assembly as the first sensor
assembly 10 as shown in FIG. 1. Yypically, an engine or other fuel consuming device
would be positioned between the firs\and second sensor assemblies 10, 10’ in the fuel
outlet 304; however, the device has Reen omitted from the figure to reduce the
complexity of the drawing.

Further shown in FIG. 3, are first agd second meter electronics 20, 20° in
electrical communication with the correspondin), sensor assemblies 10, 10° via leads
100, 100°. Additionally, the first meter electronic\20 is in electrical communication
with the second meter electronics 20° via lead 26N\ Therefore, the second meter
electronics 20’ can receive sensor signals from both\gensor assemblies 10, 10°.
Alternatively, the first meter electronics 20 can process the s\asor signals from the first
sensor assembly 10 and provide the measured flow characterisNgs to the second meter
electronics 20°. The second meter electronics 20° is shown in eleckical communication

with a system controller 310 via lead 26°. The system controlley 310 can output

comprise a portion of the vibrating meters 5, 5°, but rather, may be configure
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process signals from the vibrating meters 5, 5°. The system controller 310 can also be in
electrical communication with a user interface (not shown). This may allow a user to
onfigure the system controller 310 according to the user’s preference or requirements.

In other embodiments, both sensor assemblies 10, 10’ may be coupled directly to
the 3gme meter electronics. Alternatively, both meter electronics 20, 20° may be
coupled\o the system controller 310. According to an embodiment, the first and second
vibrating m\gters 5, 57 comprise Coriolis flow meters. However, the vibrating meters
may comprise\pther types of vibrating sensors that lack the measurement capabilities of
Coriolis flow mYters. Therefore, the present embodiment should not be limited to
Coriolis flow meter?

In use, a fluid, Nuch as fuel, can be supplied to the first sensor assembly 10 via
the pipeline 302. The fir¥ vibrating sensor 5 can calculate various flow characteristics,
including a first fluid flow rNe, as discussed above. The fuel then exits the first sensor
assembly 10 and flows toward\the fuel consuming device and to either the fuel outlet
304 or the second vibrating metet\>’. If fuel is being drawn from the fuel outlet 304,
such as for example, if an engine is t\nning and consuming fuel, then only a portion of
the fuel exiting the first sensor assemblyN 0 will flow to the second sensor assembly 10’
as the engine does not burn all of the fuel Wgpplied. The second vibrating meter 5° can
calculate various flow characteristics includin\a second fluid flow rate. If the engine is
running and consuming fuel, the first and seconX flow rates measured by the first and
second vibrating meters 5, 5’ will be different resWting in a differential flow rate as
defined by equation (5).
()

Thy — thgr = Arit

Where:
Mg 18 the mass flow rate measured by the first vibrating meter
g is the mass flow rate measured by the second vibrating meter \; and

Arh is the differential flow rate.

rate. The differential flow rate is essentially equal to the amount of fuel be
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consumed by the engine, and thus, for fuel efficiency purposes, is the flow rate of
mnterest.
The unused fuel flows through the second sensor assembly 10’ and can return to

thi, fuel supply 301 as shown. It should be appreciated that while the fluid flow system

meters.

As dishpssed in the ‘344 application, the flow rate of the fuel exiting the fuel
outlet 304 (fluid Xpnsumption) is typically much smaller than the flow rate in the supply
and return conduit\302, 306, leading to oversized sensor assemblies 10, 10'. It can
easily be appreciated tRat even a small drift in the zero offset of each individual meter
can adversely affect the eNtire system. However, because the difference in the two flow
rates is the value of interest, Yae absolute zero offset of the individual vibrating meters 3,
5’ is not needed to correct the Neasurement. Rather, the initially calibrated zero offset
of the first vibrating meter 5 can bk used and a differential zero offset, as defined above
and explained in greater detail in the\344 application, can be calculated for the second
vibrating meter 5°. Although the second\yvibrating meter 5’ is shown downstream of the
first vibrating meter 5, the order could be sWitched while remaining within the scope of
the present embodiment. By way of examp¥, the second vibrating meter 5’ can be
referenced against the first vibrating meter 5. Hyyever, the particular meter used as the
reference meter is not important. Therefore, in dnbodiments where the zero offset
comprises a differential zero offset, one of the vibraNng meters can be considered a
reference meter with the zero offset of the other vibrating\neter calibrated to match the
reference meter. Therefore, the differential zero offset can by calculated using equation
(4) above.

While using a differential zero offset has made improvemenyg in differential flow
measurements, at times there may still exist small differences that &n occur between
zeroing operations when the two meters are measuring the same flow.\ Although the
differences are often small, the difference can be significant when totalizeN over time.
For example, if the engine is turned off for long periods of time while fu¥ is still
flowing through the system the totalized differential flow rate between the twd\flow

rates from the first and second meter 5, 5’ may accumulate to a serious error. Du
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such a situation, if the second vibrating meter 5° measures a flow rate that is less than
the flow rate measured by the first vibrating meter 5, a user or operator may assume
there is a leak in the system. Conversely, if the second vibrating meter 5° measures a
flé\w rate that is greater than the flow rate measured by the first vibrating meter 5, the

essentially asserts that the engine is generating fuel, which would clearly not be

4 shows a graph of example flow rate measurements taken from the first
and second vNprating meters 5, 5°. Between time zero and approximately, 12:00, the
flow rate throug\ the fluid flow system 300 is approximately 2600 kg/hr. However, at
approximately 12:08, the engine turns on and fuel begins being consumed by exiting the
fuel outlet 304. Consdguently, the fuel supplied is slightly increased to approximately
2750 kg/hr to ensure adeg\ate fuel 1s being supplied to the engine, which is measured by
the first vibrating meter 5 ar shown on line 405 in FIG. 4. The second vibrating meter
5’ however, measures a mass Now rate of approximately 1850 kg/hr as shown by line
405, Therefore, the meter electr\pics 20° or the system controller 310 can determine
that the difference in flow rates meas\red by the first and second vibrating meters 5, 5°,
i.e., a differential flow rate between Ne first and second vibrating meters 5, 5° is
approximately 900 kg/hr. As mentioned abQve, this differential flow rate is the value of
interest in fuel efficiency applications.

FIG. 4 also shows that the engine is turne¥ off at approximately 18:00 where the
mass flow rates measured by the first and second vilating meters 5, 57 are substantially
equal. According to an embodiment, the meter dectronics 20’ can ensure that
differential flow rates measured while the engine is off an¥, thus, not consuming fuel are
corrected. According to an embodiment, the meter electrogics 20°, for example can
compare the determined differential flow rate to a threshold\yalue or band. If the
determined differential flow rate is less than the threshold valueNgr band, the system
controller 310 or the meter electronics 20’ can correct one or more INw characteristics
of the fluid flow system 300.

According to an embodiment, the correction can comprise determiNng that the

5’ to equal the first flow rate determined by the first vibrating meter 5. In other woNJs,
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the meter electronics 20° or the system controller 310 can output a differential flow rate
of zero even though the flow rates determined by the first and second vibrating meters 53,
> are not equal. This is similar to a low flow cutoff value as is known in prior art single

m¥er systems. However, the low flow cutoff value cannot be used in some

utilizing aNow flow cutoff, the differential flow rate can be compared to a threshold
value or ban¥ (range of values). The threshold value or band may comprise a
differential flow

an error rather thal an actual differential flow. The particular values used for the

te below which, the determined differential flow rate is attributable to

threshold value or ban¥ will generally depend upon the particular circumstances of the
fluid flow system 300. \For example, what a typical differential flow rate value
comprises during normal use\, Preferably, the threshold value or band will be far enough
away from the typical differenNal flow rate that threshold flow rates determined when
the engine is consuming fuel will It be below the threshold value or band.

According to another embodixent, the correction preformed upon determining
the differential flow rate is below the tixeshold value or band can comprise setting the
differential flow rate to zero by determinind\a new differential zero offset. For example,
if the differential flow rate is below the theshold value or band, the determined
differential flow rate may be attributable to a cMange in the differential zero offset as
determined above. Consequently, the meter electrdyics 20°, for example, can assume
that the flow rate through the vibrating meters 5, 5'\js substantially equal when the
differential flow rate is below the threshold value or baiN and a new differential zero
offset can be determined. According to an embodiment, the Yew differential zero offset
may be determined any time the differential flow rate is below the threshold value or
band. Alternatively, the new differential zero offset may be detdymined any time the
differential flow rate is below the threshold value or band for a predetéymined amount of
time. The new differential zero offset may be determined when the diffeNntial flow rate
1s below a threshold value or band for a predetermined amount of time and Ne flow rate
through the first and second vibrating meters 5, 5° is substantially constant.
prevent a new differential zero offset from being determined during fluctuating fl

another alternative embodiment, the new zero offset may be determined if a UNer
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initiates a new zeroing routine while the differential flow rate is below the threshold
value or band.
According to another embodiment, the correction to the one or more flow

acteristics upon determining that the differential flow rate is less than the threshold

should be substaNtially equal assuming substantially constant temperatures. Therefore,
with the differentia, flow rate below the threshold value or band, the various flow
characteristics determded by the first and second vibrating meters 5, 5° can be
compared to each other tdensure the determined characteristics are substantially equal.
If they are not equal or withiy a threshold limit of one another, the meter electronics 20,
20’ or the system controller 318 may recalibrate one or both the vibrating meters 5, 5°
such that the two vibrating metel§ are calculating substantially equal values for the
various flow characteristics. AlternXjvely, the correction may comprise reporting an
error message if the various flow charaXeristics do not substantially match to within a
threshold limit when the differential flow Nte is less than the threshold value or band.
Those skilled in the art will readily recognizeXhat temperature can change dramatically
inside an engine or other fluid consuming déyice. Therefore, the density and/or
viscosity flowing through the first and second vibr\ing meters 5, 5° may be different
even when the flow rate is substantially the same dueNo temperature variations in the
tfluid. Therefore, if the temperature of the fluid is differeyt within the first and second
vibrating meters 5, 5°, a corresponding correction may be redyired. For example, if the
flow rates are measured as mass flow rates, a volumetric flow Nte may be obtained by
converting using a density at standard temperature.

In addition to a change in the differential zero offset that cal occur over time
between the first and second vibrating meters 5, 5°, another problem ¥sociated with
multiple meter systems is a delay that can occur as signals are transmitted {etween the
two or more vibrating meters. For example, as shown in FIG. 3, the
electronics 20 is in electrical communication with the second meter electronics via

lead 26. Although the lead 26 may comprise a variety of different communicaton
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protocols, one particularly popular communication protocol in the flow meter industry is
the Hart® protocol. As is generally known in the art, the Hart® protocol often has a
elay between the time a signal is sent and the time a signal is received that may affect
m\asurements.

By way of example, according to an embodiment, the second meter electronics

electronics 20’ can then colNpare the first flow rate obtained from the first vibrating
meter 5 to the second flow ratd determined based on sensor signals received from the
second sensor assembly 10’ to delrmine a differential flow rate. As long as the flow
rate remains substantially constant didxing this sampling time, an acceptable differential
flow rate can be determined. HoweverN{ the flow rate changes between the sampling
times, the sensor signals from the second sgnsor assembly 10° will be compared to the
wrong flow rate received from the first viRrating meter 5, ie., the second meter
electronics 20’ will be comparing measurementNgbtained based on two different flow
rates taken at different times. This problem is illustrt\ed in FIG. 5.

FIG. 5 shows a graph of mass flow versus timey As can be seen, the mass flow
supplied from the fuel supply 301 1s varied over time. ditionally, the mass flow to
the engine varies, for example, due to the engine turning\on and off. As the fuel
consumption varies, the measured differential flow rate as deterlined based on the first
and second measured flow rates from the first and second vibratlg meters 5, 5° also
changes. However, in addition to the changes in the differential \w rate due to a
change in the fuel consumption, the graph shows various momentary sph

determined differential flow rate as the fuel supply varies. The spikes o

between sampling times. This causes the differential flow rate to be determined ns\g
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sensor signals taken at different times. In order to overcome the processing delay, a
delay can be added to the sensor signals from the second sensor assembly 10°. The so

alled “group delay” can be added to better match the time that the sensor signals were
reNgived from the first sensor assembly 10 to the time the sensor signals were received
from\e second sensor assembly 10’ even though the measurement signals are received
from the\first meter electronics 20 at a later point in time,

FIQG\ 6 shows a graph of mass flow rate versus time with various group delays
applied to thegensor signals received from the second sensor assembly 10°. The engine
consumption as §etermined by a separate flow meter (not shown) is compared to the
differential flow ratg as determined based on the sensor signals received from the first
and second sensor asseypblies 10, 10°. As shown in the far right, when no group delay is
applied to the measurem¥at, large spikes in the determined differential flow rate are
seen when the engine consuXgption rapidly increases or decreases. In contrast, when a
group delay 1s applied to the s\psor signals from the second sensor assembly 10°, the
spikes are drastically reduced theXby improving the determined differential flow rate.
For the Hart® protocol, the group Welay is approximately 650-700ms; however, the
particular group delay applied to the sdgsor signals can vary from one application to
another. Therefore, the particular values ill\strated should in no way limit the scope of
the present embodiment.

The present embodiment implements a gryup delay applied to the sensor signals
received from the second sensor assembly 10° due\to the processing delay caused by
transmitting the measurement signals from the first m\er electronics 20 to the second
meter electronics 20°. A group delay may likewise begpplied to the sensor signals
received from the first sensor assembly 10. It should be ap\eciated that the particular
group delay required may depend upon the particular commication protocol used.
Furthermore, a group delay may also be required in embodiments\yhere a single meter
electronics receives sensor signals from both sensor assemblies 10, N)°. Additionally,
those skilled 1n the art can readily recognize that a group delay may alsd\be required in
embodiments where measurement signals are transmitted from the first\and second
meter electronics 20, 20° to the system controller 310 for further proceNng; for
example, in embodiments where the system controller 310 performs the differenti

calculation.
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FIG. 7 shows a processing routine 700 according to an embodiment. The
processing routine 700 may be stored in and performed by one of the meter electronics
0 or 20°, for example. Alternatively, the processing routine 700 may be stored in and
ormed by the system controller 310. The processing routine 700 can be used to
preveqt false differential flow rates from being reported and totalized. The processing

routine X00 can also be used to update the differential zero offset of the calibrated

In step 702, firs\and second flow characteristics are determined based on the first
and second sensor signaly, According to an embodiment, the first and second flow
characteristics may compriseNirst and second flow rates. According to an embodiment,
one of the first or second flow Ntes can be determined using the differential zero offset
as discussed above. The first an¥ second flow rates may comprise mass flow rates.
Alternatively, the first and second floX rates may comprise volumetric flow rates.
In step 703, a differential flow r&e i1s determined based on the first and second
flow characteristics. According to an emRodiment, the differential flow rate can be
determined using the group delay applied the second flow rate such that the
differential flow rate is determined using fiNt and second flow rates taken at
substantially the same time.

In step 704, the differential flow rate is compaXd to a threshold value or band.
anufacturer. Alternatively,

If the differential flow

The threshold value or band may be predetermined by a
the threshold value or band can be user selected, for examp¥e.
20’ can correct one or

5’ in step 705. As

rate is less than the threshold value or band, the meter electroni
more flow characteristics of the first or second vibrating meter

discussed above, the differential flow rate may fall below the threshold\value or band for

a new differential zero offset. The new differential zero offset may be calculated s

22




10

15

20

25

30

WO 2013/006171 PCT/US2011/043132

to create substantially equal first and second flow rates. The new differential zero offset
may then be used for subsequent measurements. The correction may also comprise
outputting an error message or correcting other flow characteristics such as a determined
dégsity, or temperature, for example. If the differential flow rate is not less than the
thresRold value or band, the processing routine can either return to step 701 or end.

e embodiments described above provide an apparatus and method for
correcting Rne or more flow characteristics of a fluid flow system that utilizes multiple
vibrating metds. The embodiments provide a method for preventing false differential
flow rates from d¢ing totalized and/or reported as actual flow. Rather, if the differential
flow rate as determ¥aed by two or more vibrating meters is below a threshold value or
band, the differential f\ow rate can be set to zero. The differential flow rate can simply
be set to zero and output, §r a new differential zero offset can be calculated such that the
first and second flow rates ai equal, thereby effectively setting the differential flow rate
to zero. Additionally, the emb&diments described above can account for a delay due to
signal processing or signal samplidg that may affect the differential flow rate if the flow
rate through the system is changing.

The detailed descriptions of We above embodiments are not exhaustive
descriptions of all embodiments contemplad by the inventors to be within the scope of
the present description. Indeed, persons skiNgd in the art will recognize that certain
elements of the above-described embodiments mdy variously be combined or eliminated
to create further embodiments, and such further emiodiments fall within the scope and
teachings of the present description. It will also be appRrent to those of ordinary skill in
the art that the above-described embodiments may be colgbined in whole or in part to
create additional embodiments within the scope and teaching\of the present description.

Thus, although specific embodiments of, and examples ¥y, the fluid flow system
are described herein for illustrative purposes, various equivaleyt modifications are
possible within the scope of the present description, as those skilled\a the relevant art
will recognize. The teachings provided herein can be applied to other fldN systems, and
not just to the embodiments described above and shown in the accompan¥yng figures.
Accordingly, the scope of the invention should be determined from the

claims.
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METHOD AND APPARATUS FOR DETERMINING DIFFERENTIAL FLOW
CHARACTERISTICS OF A MULTIPLE METER FLUID FLOW SYSTEM

TECHNICAL FIELD

The embodiments described below relate to, vibrating meters, and more

particularly, to a method and apparatus for determining differential flow characteristics

of a fluid flow system with multiple vibrating meters.

BACKGROUND OF THE INVENTION

Vibrating sensors, such as for example, vibrating densitometers and Coriolis
flow meters are generally known and are used to measure mass flow and other
informaticn for materials flowing through a conduit in the flow meter. Exemplary
Coriolis flow meters are disclosed in U.S. Patent 4,109,524, U.S. Patent 4,491,025, and
Re. 31,450 all to J.E. Smith et al. These flow meters have one or more conduits of
straight or curved configuration. Each conduit configuration in a Coriolis mass flow
meter has a set of natural vibration modes, which may be of simple bending, torsional,
or coupled type. Each conduit can be driven to oscillate at a preferred mode.

Material flows into the flow meter from a connected pipeline on the inlet side of
the flow meter, is directed through the conduit(s), and exits the flow meter through the
outlet side of the flow meter. The natural vibration modes of the vibrating, material
filled system are defined in part by the combined mass of the conduits and the material
flowing within the conduits.

When there is no flow through the flow meter, a driving force applied to the
conduit(s) causes all points along the conduit(s) to osciliate with identical phase or a
small “zero offset”, which is a time delay measured at zero flow. As material begins to
flow through the flow meter, Coriolis forces cause each point along the conduit(s) to
have a different phase. For example, the phase at the inlet end of the flow meter lags the
phase at the centralized driver position, while the phase at the outlet leads the phase at
the centralized driver position. Pick-off sensors on the conduit(s) produce sinusoidal
signals representative of the motion of the conduit(s). Signals output from the pick-off
sensors are processed to determine the time delay between the pick-off sensors. The
time delay between the two or more pick-off sensors is proportional to the mass flow

rate of material flowing through the conduit(s).
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Meter electronics connected to the driver generates a drive signal to operate the
driver and determines a mass flow rate and other properties of a material from signals
received from the pick-off sensors. The driver may comprise one of many well-known
arrangements; however, a magnet and an opposing drive coil have received great
success in the flow meter industry. An aiternating current is passed to the drive coil for
vibrating the conduit(s) at a desired flow tube amplitude and frequency. It is also
known in the art to provide the pick-off sensors as a magnet and coil arrangement very
similar to the driver arrangement. However, while the driver receives a current which
induces a motion, the pick-off sensors can use the motion provided by the driver to
induce a voltage. The magnitude of the time delay measured by the pick-off sensors is
very small; often measured in nanoseconds. Therefore, it is necessary to have the
transducer output be very accurate.

Generally, a Coriolis flow meter can be initially calibrated and a flow calibration
factor along with a zero offset can be generated. In use, the flow calibration factor can
be multiplied by the time delay measured by the pick-off sensors minus the zero offset
to generate a mass flow rate. In most situations, the Coriolis flow meter is initially
calibrated, typically by the manufacturer, and assumed to provide accurate
measurements without subsequent calibrations required. In addition, a prior art
approach involves a user zero calibrating the flow meter after installation by stopping
flow, closing valves, and therefore providing the meter a zero flow rate reference at
process conditions.

As mentioned above, in many vibrating sensors, including Coriolis flow meters,
a zero offset may be present, which prior art approaches initially correct for. Although
this initially determined zero offset can adequately correct the measurements in limited
circumstances, the zero offset may change over time due to a change in a variety of
operating conditions, mainly temperature, resulting in only partial corrections.
However, other operating conditions may also affect the zero offset, including pressure,
fluid density, sensor mounting conditions, etc. Furthermore, the zero offset may change
at a different rate from one meter to another. This may be of particular interest in
situations where more than one meter is connected in series such that each of the meters
should read the same if the same fluid flow is being measured. Examples of such

situations involve fuel consumption and leak detection applications.

2




10

15

20

25

30

WO 2013/006171 PCT/US2011/043132

It is known to determine a differential zero offset to configure the two meters to
read substantially the same flow rate when the flow rate flowing through the meters is
substantially equal as tanght by International Publication W0/2011/019344, which is
assigned to the present applicants and is hereby incorporated by reference for all that it
teaches. However, there still exists a need for improving the differential measurement
obtained from a multiple sensor system. The embodiments described below overcome
this and other problems and an advance in the art is achieved. The embodiments
described below improve upon a differential flow measurement obtained from two or
more vibrating meters by incorporating a low differential flow cutoff that corrects the
determined differential flow along with other flow characteristics if the determined

differential flow is below a threshold value or band.

SUMMARY OF THE INVENTION

A fluid flow system is provided according to an embodiment. The fluid flow

system includes a pipeline with a flowing fluid and a first vibrating meter including a
first sensor assembly located within the pipeline and configured to determine one or
more flow characteristics, including a first flow rate. According to an embodiment, the
fluid flow system further includes a second vibrating meter including a second sensor
assembly located within the pipeline and in fluid communication with the first sensor
assembly and configured to determine one or more flow characteristics, including a
second flow rate. According to an embodiment, the fluid flow system further comprises
a system controller in electrical communication with at least one of the first or second
vibrating meters. The system controller is configured to receive the first and second
flow rates and determine a differential flow rate based on the first and second flow rates.
According to an embodiment, the system controller is further configured to compare the
differential flow rate to a threshold value or band and correct one or more flow
characteristics if the differential flow rate is less than a threshold value or band.

A meter electronics for a first sensor assembly located within a pipeline and in
fluid communication with a second sensor assembly of a vibrating meter in electrical
communication with the meter electronics is provided according to an embodiment. The
meter electronics is configured to receive sensor signals from the first sensor assembly

and determine one or more flow characteristics, including a first fluid flow rate.
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According to an embodiment, the meter electronics is further configured to receive a
second fluid flow rate from the second vibrating meter and determine a differential flow
rate based on the first and second fluid flow rates. According to an embodiment, the
meter electronics is further configured to compare the differential flow rate to a
threshold value or band and correct one or more flow characteristics if the differential
flow rate is less than the threshold value or band.

A method of operating a fluid fiow system including a first vibrating meter and a
second vibrating meter in fluid communication with the first vibrating meter is provided
according to an embodiment. The method comprises a step of receiving first sensor
signals from the first vibrating meter and receiving second sensor signals from the
second vibrating meter. According to an embodiment, the method further comprises
steps of determining one or more flow characteristics, including first and second flow
rates based on the first and second sensor signals and determining a differential flow
rate based on the first and second flow rates. According to an embodiment, the method
further comprises steps of comparing the differential flow rate to a threshold value or
band and correcting the one or more flow characteristics if the differential flow rate is

less than the threshold value or band.

ASPECTS

According to as aspect, a fluid flow system comprises:

a pipeline with a flowing fluid;

a first vibrating meter including a first sensor assembly located within the
pipeline and configured to determine one or more flow characteristics,
including a first flow rate;

a second vibrating meter including a second sensor assembly located within the
pipeline and in fluid communication with the first sensor assembly and
configured to determine one or more flow characteristics, including a
second flow rate;

a system controller in electrical communication with the first and second
vibrating meters and configured to:
receive the first and second flow rates;

determine a differential flow rate based on the first and second flow rates;
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compare the differential flow rate to a threshold value or band; and
correct one or more flow characteristics if the differential flow rate is less
than a threshold value or band.

Preferably, the correction comprises setting the differential flow rate to zero.

Preferably, one of the first or second flow rates is determined using a differential
zero offset.

Preferably, the system controller is further configured to determine a new
differential zero offset if the differential flow rate is less than the threshold value.

Preferably, the system controller is further configured to determine a new
differential zero offset if the differential flow rate is less than the threshold value for a
predetermined amount of time.

Preferably, the system controller is further configured to apply a group delay to
one of the first or second flow rates such that the first and second flow rates are
representative of flow rates occurring at substantially the same time.

According to another aspect, a meter electronics for a first sensor assembly
located within a pipeline and in fluid communication with a second sensor assembly of a
vibrating meter in electrical communication with the meter electronics is configured to:

receive sensor signals from the first sensor assembly and determine one or more

flow characteristics, including a first fluid flow rate;

receive a second fluid flow rate from the second vibrating meter;

determine a differential flow rate based on the first and second fluid flow rates;

compare the differential flow rate to a threshold value or band; and

correct one or more flow characteristics if the differential flow rate is less than

the threshold value or band.

Preferably, the correction comprises setting the differential flow rate to zero.

Preferably, the meter electronics is further configured to determine the first flnid
flow rate using a differential zero offset.

Preferably, the meter electronics is further configured to determine a new

differential zero offset if the differential flow rate is less than the threshold value or

band.
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Preferably, the meter electronics is further configured to determine a new
differential zero offset if the differential flow rate is less than the threshold value or
band for a predetermined amount of time.

Preferably, the meter electronics is further configured to determine the
differential flow rate using a group delay applied to the first flow rate such that the first
and second flow rates are representative of flow rates occurring at substantially the same
time.

According to another aspect, a method of operating a fluid flow system including
a first vibrating meter and a second vibrating meter in fluid communication with the first
vibrating meter comprises steps of:

receiving first sensor signals from the first vibrating meter and receiving second

sensor signals from the second vibrating meter;

determining one or more flow characteristics, including first and second flow

rates based on the first and second sensor signals;

determining a differential flow rate based on the first and second flow rates;

comparing the differential flow rate to a threshold value or band; and

correcting the one or more flow characteristics if the differential flow rate is less

than the threshold value or band.

Preferably, the correction comprises setting the differential flow rate to zero.

Preferably, one of the first or second flow rates is determined using a differential
zero offset.

Preferably, the method further comprises a step of determining a new differential
zero offset if the differential flow rate is less than the threshold value or band.

Preferably, the method further comprises a step of determining a new differential
zero offset if the differential flow rate is less than the threshold value or band for a
predetermined amount of time.

Preferably, the step of determining the differential flow rate comprises applying a
group delay to one of the first or second flow rates such that the first and second flow

rates are representative of flow rates occurring at substantially the same time.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a vibrating meter according to an embodiment.

FIG. 2 shows a meter electronics for a vibrating meter according to an
embodiment.

FIG. 3 shows a fluid flow system according to an embodiment.

FIG. 4 shows a graph of mass flow rate versus time.

FIG. 5 shows a graph of mass flow rate versus time with varying supply flow
rates.

FIG. 6 shows a graph of differential flow rate and engine consumption with

various group delays.

FIG. 7 shows a processing routine according to an embodiment.

DETAILED DESCRIPTION OF THE INVENTION

FIGS. I -7 and the following description depict specific examples to teach those

skilled in the art how to make and use the best mode of embodiments of a vibrating
meter system. 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 present description.
Those skilled in the art will appreciate that the features described below can be
combined in various ways to form multiple variations of the vibrating meter system. As
a result, the embodiments described below are not limited to the specific examples
described below, but only by the claims and their equivalents.

FIG. 1 shows an example of a vibrating meter 5 in the form of a Coriolis flow
meter comprising a sensor assembly 10 and one or more meter electronics 20. The
meter electronics 20 is connected to the sensor assembly 10 via leads 100 to measure
one or more flow characteristics of a material, such as, for example, density, mass flow
rate, volume flow rate, totalized mass flow, temperature, and other information.

The sensor assembly 10 includes a pair of flanges 101 and 101°, manifolds 102
and 102’, and conduits 103A and 103B. Manifolds 102, 102 are affixed to opposing
ends of conduits 103A, 103B. Flanges 101 and 101° of the present embodiment are
affixed to manifolds 102 and 102°. Manifolds 102 and 102’ of the present embodiment

are affixed to opposite ends of spacer 106. The spacer 106 maintains the spacing
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between manifolds 102 and 102’ in the present embodiment to prevent undesired
vibrations in conduits 103A and 103B. The conduits 103A and 103B extend ontwardly
from the manifolds in an essentially parallel fashion. When the sensor assembly 10 is
inserted into a pipeline system (See FIG. 3) which carries a flowing material, the
material enters the sensor assembly 10 through flange 101, passes through inlet
manifold 102 where the total amount of material is directed to enter conduits 103A and
103B, flows through conduits 103A and 103B and back into outlet manifold 102° where
it exits the sensor assembly 10 through the flange 101°,

The sensor assembly 10 includes a driver 104. The driver 104 is affixed to
conduits 103A and 103B in a position where the driver can vibrate the conduits 103A,
103B in the drive mode. More particularly, the driver 104 includes a first driver
component (not shown) affixed to conduit 103A and a second driver component (not
shown) affixed to conduit 103B. The driver 104 may comprise one of many well-
known arrangements, such as a magnet mounted to the conduit 103A and an opposing
coil mounted to the conduit 103B.

In the present example, the drive mode is the first out of phase bending mode and
the conduits 103A, 103B are preferably selected and appropriately mounted to inlet
manifold 102 and outlet manifold 102’ so as to provide a balanced system having
substantially the same mass distribution, moments of inertia, and elastic modules about
bending axes W-W and W’-W’, respectively. In the present example, where the drive
mode 15 the first out of phase bending mode, the conduits 103A, 103B are driven by the
driver 104 in opposite directions about their respective bending axes W-W and W>-W’.
A drive signal in the form of an alternating current can be provided by the meter
electronics 20, such as for example, via pathway 110, and passed through the coil to
cause both conduits 103A, 103B to oscillate. Those of ordinary skill in the art will
appreciate that other drive modes may be used within the scope of the present
embodiment.

The sensor assembly 10 also includes a pair of pick-off sensors 105, 105’ that are
affixed to conduits 103A, 103B. More particularly, a first pick-off component (not
shown) is located on the conduit 103A and a second pick-off component (not shown) is
located on the conduit 103B. In the embodiment depicted, the pick-off sensors 105,

105° may be electromagnetic detectors, for example, pick-off magnets and pick-off coils

8




10

15

20

25

30

WO 2013/006171 PCT/US2011/043132

that produce pick-off signals that represent the velocity and position of the conduits
103A, 103B. For example, the pick-off sensors 105, 105’ may supply pick-off signals
to the meter electronics 20 via pathways 111, 111°. Those of ordinary skill in the art
will appreciate that the motion of the conduits 103A, 103B is proportional to certain
flow characteristics of the material, for example, the mass flow rate, density, volume
flow rate, etc. flowing through the conduits 103A, 103B.

It should be appreciated that while the sensor assembly 10 is described above as
comprising a dual flow conduit sensor assembly, it is well within the scope of the
present embodiment to implement a single conduit sensor assembly. Furthermore, while
the flow conduits 103A, 103B are shown as comprising a curved flow conduit
configuration, the present embodiment may be implemented with a sensor assembly
comprising a straight flow conduit configuration. Therefore, the particular embodiment
of the sensor assembly 10 described above is merely one example, and should in no way
limit the scope of the present embodiment.

In the embodiment shown in FIG. 1, the meter electronics 20 receives the pick-
off signals from the pick-off sensors 105, 105°. Path 26 provides an input and an output
means that allows the meter electronics 20 to interface with an operator or another meter
electronics (See FIG. 3). The meter electronics 20 measures one or more characteristics
of the system, such as, a phase difference, a frequency, a time delay, a density, a mass
flow rate, a volume flow rate, a totalized mass flow, a temperature, a meter verification,
and other information. More particularly, the meter electronics 20 can receive one or
more signals from the pick-off sensors 105, 105’ and one or more temperature sensors
(not shown), and uses this information to measure the various characteristics of the
material.

The sensor assembly 10 can additionally include a temperature sensor 107, such
as a resistance temperature device (RTD), in order to measure a temperature of the fluid
within the conduits 103A, 103B. The RTD can be in electrical communication with the
meter electronics 20 via lead 112.

The techniques by which vibrating meters, such as for example, Coriolis flow
meters or densitometers measure flow characteristics are well understood; therefore, a

detailed discussion is omitted for brevity of this description.
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As discussed briefly above, one problem associated with vibrating meters, such
as Coriolis flow meters is the presence of a zero offset, which is a measured time delay
of the pick-off sensors 105, 105 at zero fluid flow. If the zero offset is not taken into
account in calculating the flow rate and various other flow characteristics, the measured
flow characteristics will typically include an error in the measurement. The typical prior
art approach to compensate for the zero offset is to measure an initial zero offset (Aty)
during an initial calibration process, which usually involves closing valves and
providing a zero flow reference condition. Such calibration processes are generally
known in the art and a detailed discussion is omitted for brevity of the description.
Once an initial zero offset is determined, during operation, flow measurements are
corrected by subtracting the initial zero offset from the measured time delay according

to equation (1).
m = FCF(Atpeqsurea — Ato) (1)

Where:

rit = mass flow rate;

FCF = Flow calibration factor;

At peasurea = Measured time delay; and

Aty = 1nitial zero offset.

It should be appreciated that equation (1) is merely provided as an example and
should in no way limit the scope of the present embodiment. Although equation (1) is
provided to calcnlate mass flow rate, it should be appreciated that various other flow
meagurements may be affected by the zero offset and therefore, may also be corrected.

While this approach can provide adequate results in a single sensor assembly
system, there are some situations where multiple sensor assemblies are incorporated in
series. For example, as explained in the above-mentioned International Publication
WO/2011/019344, some situations are more concerned with a difference between two
measured flow rates determined by two or more sensor assemblies (differential flow
rate) than an absolute flow rate as determined by any one individual sensor assembly.

In such situations, one vibrating meter can comprise a reference meter with the other
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vibrating meter being calibrated to provide a substantially equal mass flow rate when the
flow through the two meters is equal.

Because the two meters are configured to produce equal measurements under
equal conditions, the absolute zero offset of the meters is not as important as in a single
meter system. Therefore, according to an embodiment, the meter electronics 20 or more
than one meter electronics can be configured to generate a differential zero offset
between the two or more sensor assemblies. The differential zero offset can comprise
an initial zero offset of a sensor assembly combined with a differential error between
two or more sensor assemblies. The differential zero offset may be required in order to
generate substantially equal flow rates through the sensor being calibrated and a
reference sensor. In other words, referring to equation (1) above, if the same fluid flow
rate flows through the sensor being calibrated and a reference sensor, the two sensors
can generate two mass flow rates using equation (1) for each sensor. If the reference
sensor’s mass flow rate is assumed to be equal to the mass flow rate of the sensor
assembly being calibrated, then the differential zero offset of the sensor being calibrated
can be calculated. This new offset is essentially a differential offset and is shown in

equations (2 and 3).

thp = e = FCF¢[Ate — (Aty, + Atg)] (2)
mp

(AtOC + AtE) = Atr.' - FCFe 3)

Where;

nip = mass flow rate calculated from reference sensor;

1, = mass flow rate calculated from sensor being calibrated;

Aty = initial zero offset of the sensor being calibrated;

Aty = differential error;

Atc = measured time delay of the sensor being calibrated; and

FCFc = flow calibration factor of the sensor being calibrated.

Equation (3) can be further reduced by combining the zero offset of the sensor
being calibrated and the differential error. The result is an equation that defines the

differential zero offset, which is shown in equation (4).
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Atp = Ate — I-;-nmic 4)

Where:

At = differential zero offset.

Therefore, as explained in ‘344 publication, the differential zero offset can
account for a difference in measured flow characteristics between two or more sensor
assemblies that are measuring substantially the same flow. When the differential zero
offset used in the calibrated sensor rather than the initial zero offset to solve equation
(1), the differential measurement performance of a sensor pair can be greatly improved.
The differential zero offset can be stored in the meter electronics 20, for example.

FIG. 2 shows the meter electronics 20 according to an embodiment. The meter
electronics 20 can include an interface 201 and a processing system 203. The
processing system 203 may include a storage system 204. The storage system 204 may
comprise an internal memory as shown, or alternatively, may comprise an external
memory. The meter electronics 20 can generate a drive signal 211 and supply the drive
signal 211 to the driver 104. In addition, the meter electronics 20 can receive sensor
signals 210 from the flow meter 10 and/or the sensor assembly 10’ shown below, such
as pick-off sensor signals. In some embodiments, the sensor signals 210 can be received
from the driver 104. The meter electronics 20 can operate as a densitometer or can
operate as a mass flow meter, including operating as a Coriolis mass flow meter. Tt
should be appreciated that the meter electronics 20 may also operate as some other type
of vibrating meter and the particular examples provided should not limit the scope of the
present embodiment. The meter electronics 20 can process the sensor signals 210 in
order to generate one or more flow characteristics of the material flowing through the
conduits 103A, 103B. The one or more flow characteristics may be generated using a
stored differential zero offset 213. In some embodiments, the meter electronics 20 may
receive a temperature signal 212 from one or more resistance temperature device (RTD)
sensors or other temperature measuring devices, for example.

The interface 201 can receive the sensor signals 210 from the driver 104 or pick-
off sensors 105, 105°, via leads 110, 111, 111°. The interface 201 may perform any

necessary or desired signal conditioning, such as any manner of formatting,
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amplification, buffering, etc. Alternatively, some or all of the signal conditioning can be
performed in the processing system 203. In addition, the interface 201 can enable
communications between the meter electronics 20 and external devices. The interface
201 can be capable of any manner of electronics, optical, or wireless communication.

The interface 201 in one embodiment can include a digitizer (not shown),
wherein the sensor signals comprise analog sensor signals. The digitizer can sample and
digitize the analog sensor signals and produce digital sensor signals. The digitizer can
also perform any needed decimation, wherein the digital sensor signal is decimated in
order to reduce the amount of signal processing needed and to reduce the processing
time.

The processing system 203 can conduct operations of the meter ¢lectronics 20
and process flow measurements from the flow meter 10, The processing system 203 can
execute one or more processing routines, such as the differential offset determination
routine 213, and thereby process the flow measurements in order to produce one or more
flow characteristics that are compensated for a drift in the zero offset of the sensor.

The processing system 203 can comprise a general purpose computer, a micro-
processing system, a logic circuit, or some other general purpose or customized
processing device. The processing system 203 can be distributed among multiple
processing devices. The processing system 203 can include any manner of integral or
independent electronic storage medium, such as the storage system 204.

It should be understood that the meter electronics 20 may include various other
components and functions that are generally known in the art. Those additional features
are omitted from the description and the figures for the purposes of brevity. Therefore,
the present embodiment should not be limited to the specific configuration shown and
discussed.

Although the above-mentioned vibrating meter can be implemented as a single
vibrating meter system, there are many applications that utilize multiple vibrating
meters in series. In many of these applications, the absolute flow rate measured by each
individual sensor assembly is not of particular interest, but rather the difference between
the flow rates measured by the various sensor assemblies, i.e., the differential flow rate,
is primary flow characteristic of interest to the user or operator. Two common examples

of such a situation are in the application of fuel consumption measurements and leak
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detections measurements. A fuel consumption application is shown in FIG. 3; however,
the figure is equally applicable to other situations, such as leak detection systems, where
multiple sensor assemblies are implemented in series and the difference in
measurements between at least two sensor assemblies is of interest.

FIG. 3 shows a block diagram of a fluid flow system 300 according to an
embodiment.  Although the fluid flow system 300 is shown as a typical fuel
consumption system, it should be appreciated that fuel is merely one example fluid and
the fluid flow system 300 is equally applicable to other fluids. Therefore, the use of fuel
should not limit the scope of the present embodiment.

The fluid flow system 300 includes a fuel supply 301, a pipeline 302, a first
sensor assembly 10 positioned in the pipeline 302, a fuel outlet 304, and a second sensor
assembly 10’ positioned in the pipeline 302. The pipeline 302 therefore provides a fluid
communication path between the first and second sensor assemblies 10, 10’. The
second sensor assembly 10’ may comprise a similar sensor assembly as the first sensor
assembly 10 as shown in FIG. 1. Typically, an engine or other fuel consuming device
would be positioned between the first and second sensor assemblies 10, 10° in the fuel
outlet 304; however, the device has been omitted from the figure to reduce the
complexity of the drawing.

Further shown in FIG. 3, are first and second meter electronics 20, 20’ in
electrical communication with the corresponding sensor assemblies 10, 10’ via leads
100, 100°. Additionally, the first meter electronics 20 is in electrical communication
with the second meter electronics 20° via lead 26. Therefore, the second meter
electronics 20’ can receive sensor signals from both sensor assemblies 10, 10°.
Alternatively, the first meter electronics 20 can process the sensor signals from the first
sensor assembly 10 and provide the measured flow characteristics to the second meter
electronics 20°. The second meter electronics 20’ is shown in electrical communication
with a system controller 310 via lead 26’. The system controller 310 can output
information to a host system (not shown). The system controller 310 therefore, may
comprise a centralized processing system, a general-purpose computer, or some other
type of general or customized processing device that can process signals received from
both of the meter electronics 20, 20°. Therefore, the system controller 310 may not

comprise a portion of the vibrating meters 5, 5°, but rather, may be configured to
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process signals from the vibrating meters 3, 5°. The systerm controller 310 can also be in
electrical communication with a user interface (not shown). This may allow a user to
configure the system controller 310 according to the user’s preference or requirements.

In other embodiments, both sensor assemblies 10, 10° may be coupled directly to
the same meter electronics. Alternatively, both meter electronics 20, 20° may be
coupled to the system controller 310. According to an embodiment, the first and second
vibrating meters 5, 5° comprise Coriolis flow meters. However, the vibrating meters
may comprise other types of vibrating sensors that lack the measurement capabilities of
Coriolis flow meters. Therefore, the present embodiment should not be limited to
Coriolis flow meters.

In use, a fluid, such as fuel, can be supplied to the first sensor assembly 10 via
the pipeline 302, The first vibrating sensor 5 can calculate various flow characteristics,
including a first fluid flow rate, as discussed above. The fuel then exits the first sensor
assembly 10 and flows towards the fuel consuming device and to either the fuel outlet
304 or the second vibrating meter 5°. If fuel is being drawn from the fuel outlet 304,
such as for example, if an engine is running and consuming fuel, then only a portion of
the fuel exiting the first sensor assembly 10 will flow to the second sensor assembly 10’
as the engine does not burn all of the fuel supplied. The second vibrating meter 5’ can
calculate various flow characteristics including a second fluid flow rate. If the engine is
running and consuming fuel, the first and second flow rates measured by the first and

second vibrating meters 5, 57 will be different resulting in a differential flow rate as

defined by equation (5).
ths — Titgr = At 5)

Where:

nig is the mass flow rate measured by the first vibrating meter 5;

Mg 1s the mass flow rate measured by the second vibrating meter 5°; and

Arh is the differential flow rate.

Although equation (5) is provided in terms of a mass flow rate, those skilled in
the art will readily recognize how a similar equation can be developed for a volume flow

rate. ‘The differential flow rate 1s essentially equal to the amount of fuel being

15




10

15

20

25

30

consumed by the engine, and thus, for fuel consumption purposes, is the flow rate of
interest.

The unused fuel flows through the second sensor assembly 10” and can return to
the fuel supply 301 as shown. It should be appreciated that while the fluid flow system
300 only shows one fuel outlet 304 and two vibrating meters 5, 5°, in some
embodiments, there will be multiple fuel outlets and therefore, more than two vibrating
meters.

As discussed in the ‘344 application, the flow rate of the fuel exiting the fuel
outlet 304 (fluid consumption) is typically much smaller than the flow rate in the supply
and return conduits 302, 306, leading to oversized sensor assemblies 10, 10°. It can
casily be appreciated that even a small drift in the zero offset of each individual meter
can adversely affect the entire system. However, because the difference in the two flow
rates 1s the value of interest, the absolute zero offset of the individual vibrating meters 5,
5’ is not needed to correct the measurement. Rather, the initially calibrated zero offset
of the first vibrating meter 5 can be used and a differential zero offset, as defined above
and explained in greater detail in the ‘344 application, can be calculated for the second
vibrating meter 5°. Although the second vibrating meter 5’ is shown downstream of the
first vibrating meter 5, the order could be switched while remaining within the scope of
the present embodiment. By way of example, the second vibrating meter 5’ can be
referenced against the first vibrating meter 5. However, the particular meter used as the
reference meter is not important. Therefore, in embodiments where the zero offset
comprises a differential zero offset, one of the vibrating meters can be considered a
reference meter with the zero offset of the other vibrating meter calibrated to match the
reference meter. Therefore, the differential zero offset can be calculated using equation
(4) above.

While using a differential zero offset has made improvements in differential flow
measurements, at times there may still exist small differences that can occur between
zeroing operations when the two meters are measuring the same flow. Although the
differences are often small, the difference can be significant when totalized over time.
For example, if the engine is turned off for long periods of time while fuel is still
flowing through the system the totalized differential flow rate between the two flow

rates from the first and second meter 5, 5’ may accumulate to a serious error. During
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such a situation, if the second vibrating meter 5° measures a flow rate that is less than
the flow rate measured by the first vibrating meter 5, a user or operator may assume
there is a leak in the system. Conversely, if the sccond vibrating meter 5’ measures a
flow rate that is greater than the flow rate measured by the first vibrating meter 5, the
system essentially asserts that the engine is generating fuel, which would clearly not be
true.

FIG. 4 shows a graph of example flow rate measurements taken from the first
and second vibrating meters 5, 5°. Between time zero and approximately, 12:00, the
flow rate through the fluid flow system 300 is approximately 2600 kg/hr. However, at
approximately 12:00, the engine turns on and fuel begins being consumed by exiting the
fuel outlet 304. Consequently, the fuel supplied is slightly increased to approximately
2750 kg/hr to ensure adequate fuel is being supplied to the engine, which is measured by
the first vibrating meter 5 and shown on line 405 in FIG. 4. The second vibrating meter
5° however, measures a mass flow rate of approximately 1850 kg/hr as shown by line
405°. Therefore, the meter electronics 20° or the system controller 310 can determine
that the difference in flow rates measured by the first and second vibrating meters 3, 5°,
i.e., a differential flow rate between the first and second vibrating meters 5, 5’ is
approximately 900 kg/hr. As mentioned above, this differential flow rate is the value of
interest in fuel consumption applications.

FIG. 4 also shows that the engine is turned off at approximately 18:00 where the
mass flow rates measured by the first and second vibrating meters 5, 5° are substantially
equal. According to an embodiment, the meter electronics 20’ can ensure that
differential flow rates measured while the engine is off and thus, not consuming fuel are
corrected. According to an embodiment, the meter electronics 20°, for example can
compare the determined differential flow rate to a threshold value or band. If the
determined differential flow rate is less than the threshold value or band, the system
controller 310 or the meter electronics 20” can correct one or more flow characteristics
of the fluid flow system 300.

According to an embodiment, the correction can comprise determining that the
differential flow rate is zero. According to an embodiment, the differential flow rate can
be set to zero by setting the second flow rate determined by the second vibrating meter

57 to equal the first flow rate determined by the first vibrating meter 5. In other words,
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the meter electronics 20” or the system controller 310 can output a differential flow rate
of zero even though the flow rates determined by the first and second vibrating meters 5,
5’ are not equal. This is similar to a low flow cutoff value as is known in prior art single
meter systems. However, the low flow cutoff value cannot be used in some
embodiments of the fluid flow system 300 as each vibrating meter 5, 5° still has a
significant fluid flow through the sensor assemblies 10, 10°. Therefore, rather than
utilizing a low flow cutoff, the differential flow rate can be compared to a threshold
value or band (range of values). The threshold value or band may comprise a
differential flow rate below which, the determined differential flow rate is attributable to
an error rather than an actual differential flow. The particular values used for the
threshold value or band will generally depend upon the particular circumstances of the
fluid flow system 300. For example, what a typical differential flow rate value
comprises during normal use. Preferably, the threshold value or band will be far enough
away from the typical differential flow rate that threshold flow rates determined when
the engine is consuming fuel will not be below the threshold value or band.

According to another embodiment, the correction preformed upon determining
the differential flow rate is below the threshold value or band can comprise setting the -
differential flow rate to zero by determining a new differential zero offset. For example,
if the differential flow rate is below the threshold value or band, the determined
differential flow rate may be attributable to a change in the differential zero offset as
determined above. Consequently, the meter electronics 20°, for example, can assume
that the flow rate through the vibrating meters 5, 5° is substantially equal when the
differential flow rate is below the threshold value or band and a new differential zero
offset can be determined. According to an embodiment, the new differential zero offset
may be determined any time the differential flow rate is below the threshold value or
band. Alternatively, the new differential zero offset may be determined any time the
differential flow rate is below the threshold vaiue or band for a predetermined amount of
time. The new differential zero offset may be determined when the differential flow rate
is below a threshold value or band for a predetermined amount of time and the flow rate
through the first and second vibrating meters 5, 5° is substantially constant. This can
prevent a new differential zero offset from being determined during fluctuating flow. In

another alternative embodiment, the new zero offset may be determined if a user
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inittates a new zeroing routine while the differential flow rate is below the threshold
value or band.

According to another embodiment, the correction to the one or more flow
characteristics upon determining that the differential flow rate is less than the threshold
value or band may comprise a correction to a flow characteristic other than the flow
rate. For example, if the differential flow rate is less than the threshold value or band,
substantially the same fluid is flowing through both sensor assemblies 10, 10’
Therefore, flow characteristics, such as the density, viscosity, volume flow rate etc.
should be substantially equal assuming substantially constant temperatures. Therefore,
with the differential flow rate below the threshold value or band, the various flow
characteristics determined by the first and second vibrating meters 5, 5° can be
compared to each other to ensure the determined characteristics are substantially equal.
If they are not equal or within a threshold limit of one another, the meter electronics 20,
20 or the system controller 310 may recalibrate one or both the vibrating meters 5, 5°
such that the two vibrating meters are calculating substantially equal values for the
various flow characteristics. Alternatively, the correction may comprise reporting an
error message if the various flow characteristics do not substantially match to within a
threshold limit when the differential flow rate is less than the threshold value or band.
Those skilled 1n the art will readily recognize that temperature can change dramatically
inside an engine or other fluid consuming device. Therefore, the density and/or
viscosity flowing through the first and second vibrating meters 5, 5’ may be different
even when the flow rate is substantially the same due to temperature variations in the
fluid. Therefore, if the temperature of the fluid is different within the first and second
vibrating meters 5, 5°, a corresponding correction may be required. For example, if the
flow rates are measured as mass flow rates, a volumetric flow rate may be obtained by
converting using a density at standard temperature.

In addition to a change in the differential zero offset that can occur over time
between the first and second vibrating meters 5, 5, another problem associated with
multiple meter systemns is a delay that can occur as signals are transmitted between the
two or more vibrating meters. For example, as shown in FIG. 3, the first meter
electronics 20 is in electrical communication with the second meter electronics 20° via

lead 26. Although the lead 26 may comprise a variety of different communication
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protocols, one particularly popular communication protocol in the flow meter industry is
the Hart® protocol. As is generally known in the art, the Hart® protocol often has a
delay between the time a signal is sent and the time a signal is received that may affect
measurements.

By way of example, according to an embodiment, the second meter electronics
20’ may obtain measurement signals from the first meter electronics 20. However, the
measurement signals received by the second meter electronics 20° may be delayed from
the time the sensor signals were initially received by the first meter electronics 20 from
the sensor assembly 10 by a predetermined interval. For example, the second meter
electronics 20° may receive measurement signals based on sensor signals taken 0.5
seconds previously from the sensor assembly 10. The delay may be due to a processing
delay or a sampling delay. Upon receiving the measurement signals, the second meter
electronics 207 can then compare the first flow rate obtained from the first vibrating
meter 5 to the second flow rate determined based on sensor signals received from the
second sensor assembly 10’ to determine a differential flow rate. As long as the flow
rate remains substantially constant during this sampling time, an acceptable differential
flow rate can be determined. However, if the flow rate changes between the sampling
times, the sensor signals from the second sensor assembly 10’ will be compared to the
wrong flow rate received from the first vibrating meter 5, ie., the second meter
electronics 20” will be comparing measurements obtained based on two different flow
rates taken at different times. This problem is illustrated in FIG. 5.

FIG. 5 shows a graph of mass flow versus time. As can be seen, the mass flow
supplied from the fuel supply 301 is varied over time. Additionally, the mass flow to
the engine varies, for example, due to the engine turning on and off. As the fuel
consumption varies, the measured differential flow rate as determined based on the first
and second measured flow rates from the first and second vibrating meters 5, 5’ also
changes. However, in addition to the changes in the differential flow rate due to a
change in the fuel consumption, the graph shows various momentary spikes 501 in the
determined differential flow rate as the fuel supply varies. The spikes occur without
changes to the fuel consumption rate. The spikes 501 in the determined differential flow
rate are due to the processing delay that occurs as the supply flow rate changes abruptly

between sampling times. This causes the differential flow rate to be determined using
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sensor signals taken at different times. In order to overcome the processing delay, a
delay can be added to the sensor signals from the second sensor assembly 10°. The so
called “group delay” can be added to better match the time that the sensor signals were
received from the first sensor assembly 10 to the time the sensor signals were received
from the second sensor assembly 10° even though the measurement signals are received
from the first meter electronics 20 at a later point in time.

FIG. 6 shows a graph of mass flow rate versus time with various group delays
applied to the sensor signals received from the second sensor assembly 10°. The engine
consumption as determined by a separate flow meter (not shown) is compared to the
differential flow rate as determined based on the sensor signals received from the first
and second sensor assemblies 10, 10°. As shown in the far right, when no group delay is
applied to the measurement, large spikes in the determined differential flow rate are
seen when the engine consumption rapidly increases or decreases. In contrast, when a
group delay is applied to the sensor signals from the second sensor assembly 107, the
spikes are drastically reduced thereby improving the determined differential flow rate,
For the Hart® protocol, the group delay is approximately 650-700ms; however, the
particular group delay applied to the sensor signals can vary from one application to
another. Therefore, the particular values illustrated should in no way limit the scope of
the present embodiment.

The present embodiment implements a group delay applied to the sensor signals
received from the second sensor assembly 10° due to the processing delay caused by
transmitting the measurement signals from the first meter electronics 20 to the second
meter electronics 20°. A group delay may likewise be applied to the sensor signals
received from the first sensor assembly 10. It should be appreciated that the particular
group delay required may depend upon the particular communication protocol used.
Furthermore, a group delay may also be required in embodiments where a single meter
electronics receives sensor signals from both sensor assemblies 10, 10°. Additionally,
those skilled 1 the art can readily recognize that a group delay may also be required in
embodiments where measurement signals are transmitted from the first and second
meter electronics 20, 20° to the system controller 310 for further processing; for
example, in embodiments where the system controller 310 performs the differential flow

calculation.
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FIG. 7 shows a processing routine 700 according to an embodiment. The
processing routine 700 may be stored in and performed by one of the meter electronics
20 or 20°, for example. Alternatively, the processing routine 700 may be stored in and
performed by the system controller 310. The processing routine 700 can be used to
prevent false differential flow rates from being reported and totalized. The processing
routine 700 can also be used to update the differential zero offset of the calibrated
vibrating sensor.

The processing routine starts in step 701 where first sensor signals are received
from the first sensor assembly 10 and second sensor signals are received from the
second sensor assembly 10°,

In step 702, first and second flow characteristics are determined based on the first
and second sensor signals. According to an embodiment, the first and second flow
characteristics may comprise first and second flow rates. According to an embodiment,
one of the first or second flow rates can be determined using the differential zero offset
as discussed above. The first and second flow rates may comprise mass flow rates.
Alternatively, the first and second flow rates may comprise volumetric flow rates.

In step 703, a differential flow rate is determined based on the first and second
flow characteristics. According to an embodiment, the differential flow rate can be
determined using the group delay applied to the second flow rate such that the
differential flow rate is determined using first and second flow rates taken at
substantially the same time.

In step 704, the differential flow rate is compared to a threshold value or band.
The threshold value or band may be predetermined by a manufacturer. Alternatively,
the threshold value or band can be user selected, for example. If the differential flow
rate is less than the threshold value or band, the meter electronics 20° can correct one or
more flow characteristics of the first or second vibrating meter 5, 5° in step 705. As
discussed above, the differential flow rate may fall below the threshold value or band for
a variety of reasons. In the fuel consumption application discussed above, the
differential flow rate may fall below the threshold value or band upon turning off the

engine.

22




As discussed above, the correction may comprise outputting a differential flow
rate of zero. According to another embodiment, the correction can comprise calculating

a new differential zero offset. The new differential zero ofiset may be calculated so as
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to create substantially equal first and second flow rates. The new differential zero offset
may then be used for subsequent measurements. The correction may also comprise
outputting an error message or correcting other flow characteristics such as a determined
density, or temperature, for example. If the differential flow rate is not less than the
threshold value or band, the processing routine can either return to step 701 or end.

The embodiments described above provide an apparatus and method for
correcting one or more flow characteristics of a fluid flow system that utilizes multiple
vibrating meters. The embodiments provide a method for preventing false differential
flow rates from being totalized and/or reported as actual flow. Rather, if the differential
flow rate as determined by two or more vibrating meters is below a threshold value or
band, the differential flow rate can be set to zero. The differential flow rate can simply
be set to zero and output, or a new differential zero offset can be calculated such that the
first and second flow rates are equal, thereby effectively setting the differential flow rate
to zero. Additionally, the embodiments described above can account for a delay due to
signal processing or signal sampling that may affect the differential flow rate if the flow
rate through the system is changing.

The detailed descriptions of the above embodiments are not exhaustive
descriptions of all embodiments contemplated by the inventors to be within the scope of
the present description. Indeed, persons skilled in the art will recognize that certain
elements of the above-described embodiments may variously be combined or eliminated
to create further embodiments, and such further embodiments fall within the scope and
teachings of the present description. It will also be apparent to those of ordinary skill in
the art that the above-described embodiments may be combined in whole or in part to
create additional embodiments within the scope and teachings of the present description.

Thus, although specific embodiments of, and examples for, the fluid flow system
are described herein for illustrative purposes, various equivalent modifications are
possible within the scope of the present description, as those skilled in the relevant art
will recognize. The teachings provided herein can be applied to other flow systems, and
not just to the embodiments described above and shown in the accompanying figures.

Accordingly, the scope of the invention should be determined from the following

claims.
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