
WO 2007/040542 PCT/US2005/036201  METER ELECTRONICS AND METHODS FOR
DETERMINING ONE OR MORE OF A STIFFNESS COEFFICIENT OR A MASS COEFFICIENT
Background of the Invention 1. Field of the Invention The present invention
relates to a meter electronics and methods for a flow  meter, and more
particularly, to meter electronics and methods for determining one or  more
of a stiffness coefficient or a mass coefficient for a flow meter. 2.
Statement of the Problem Vibrating conduit sensors, such as Coriolis mass
flow meters, typically operate  by detecting motion of a vibrating conduit
that contains a flowing material. Properties  associated with the material
in the conduit, such as mass flow, density and the like, can  be determined
by processing measurement signals received from motion transducers
associated with the conduit. The vibration modes of the vibrating
material-filled system  generally are affected by the combined mass,
stiffness, and damping characteristics of  the containing conduit and the
material contained therein. A typical Coriolis mass flow meter includes one
or more conduits that are  connected inline in a pipeline or other
transport system and convey material, e.g., fluids,  slurries and the like,
in the system. Each conduit may be viewed as having a set of  natural
vibration modes including, for example, simple bending, torsional, radial,
and  coupled modes. In a typical Coriolis mass flow measurement
application, a conduit is  excited in one or more vibration modes as a
material flows through the conduit, and  motion of the conduit is measured
at points spaced along the conduit. Excitation is  typically provided by an
actuator, e.g., an electromechanical device, such as a voice  coil-type
driver, that perturbs the conduit in a periodic fashion. Mass flow rate may
be  determined by measuring time delay or phase differences between motions
at the  transducer locations. Two such transducers (or pickoff sensors) are
typically employed  in order to measure a vibrational response of the flow
conduit or conduits, and are  typically located at positions upstream and
downstream of the actuator. The two pickoff  sensors are connected to
electronic instrumentation by cabling. The instrumentation  receives
signals from the two pickoff sensors and processes the signals in order to
derive  



a mass flow rate measurement. 1 WO 2007/040542 PCT/US2005/036201  The phase
difference between the two sensor signals is proportional to the mass flow
rate of the material flowing through the flow tube or flow tubes. The mass
flow  rate of the material is proportional to the time delay between the
two sensor signals, and  is therefore determined by multiplying the time
delay by a flow Calibration Factor  (FCF), where the time delay comprises a
phase difference divided by frequency. The  FCF reflects the material
properties and cross-sectional properties of the flow tube. In  the prior
art, the FCF is determined by a calibration process prior to installation
of the  flow meter into a pipeline or other conduit. In the calibration
process, a fluid is passed  through the flow tube at a given flow rate and
the proportion between the phase  difference and the flow rate is
calculated. One advantage of a Coriolis flow meter is that the accuracy of
the measured mass  flow rate is not affected by wear of moving components
in the flow meter. The flow  rate is determined by multiplying the phase
difference between two points of the flow  tube and the flow calibration
factor. The only input is the sinusoidal signals from the  sensors,
indicating the oscillation of two points on the flow tube. The phase
difference  is calculated from these sinusoidal signals. There are no
moving components in the  vibrating flow tube. Therefore, the measurement
of the phase difference and the flow  calibration factor are not affected
by wear of moving components in the flow meter. The FCF can be related to a
stiffness characteristic of the meter assembly. If the  stiffness
characteristic of the meter assembly changes, then the FCF will also
change.  Changes therefore will affect the accuracy of the flow
measurements generated by the  flow meter. Changes in the material and
cross-sectional properties of a flow tube can be  caused by erosion or
corrosion, for example. Consequently, it is highly desirable to be  able to
detect and/or quantify any changes to the stiffness of the meter assembly
in order  to maintain a high level of accuracy in the flow meter. Another
source of inaccuracy in a flow meter is a build-up or coating of the flow
material within the flow conduit or conduits of the flow meter. The
build-up can change  the mass of the meter assembly, and consequently can
affect mass flow rate  



measurements and can affect the measurement of other flow characteristics.
It is highly  desirable to be able to detect and/or quantify any flow
material that is clinging to the  inside of the flow conduit or conduits in
order to maintain a high level of accuracy in the  flow meter. 2 WO
2007/041642 PCT/US2005 /036201  Summary of the Solution Meter electronics
for a flow meter is provided according to an embodiment of the  invention.
The meter electronics comprises an interface for receiving a vibrational
response and a processing system in communication with the interface. The
processing  system is configured to receive the vibrational response from
the interface, vibrate at  least one flowtube of the vibratory flow meter
and generate a first tube period Tml for a  first flow material ml, vibrate
the at least one flowtube of the vibratory flow meter and  generate a
second tube period Tm2 for a second flow material m2, and determine one or
more of a stiffness coefficient Ct or a mass coefficient C2 from the first
tube period Tml,  a first density p,,,t, the second tube period Tm2, and a
second density pmt. A method for determining a stiffness coefficient Ct of
a vibratory flow meter is  provided according to an embodiment of the
invention. The method comprises vibrating  at least one flowtube of the
vibratory flow meter and generating a first tube period Tml  for a first
flow material ml, vibrating the at least one flowtube of the vibratory flow
meter and generating a second tube period Tm2 for a second flow material
m2, and  determining the stiffness coefficient C1 from the first tube
period Tml, a first density pml,  the second tube period TmZ, and a second
density p,ii2. A method for determining a mass coefficient C2 of a
vibratory flow meter is  provided according to an embodiment of the
invention. The method comprises vibrating  at least one flowtube of the
vibratory flow meter and generating a first tube period Tmi  for a first
flow material ml, vibrating the at least one flowtube of the vibratory flow
meter and generating a second tube period TmZ for a second flow material
m2, and  determining the mass coefficient C2 from at least the second tube
period Tm2, and a  second density pmt. A method for determining a stiffness
coefficient change in a vibratory flow meter  



is provided according to an embodiment of the invention. The method
comprises  vibrating at least one flowtube of the vibratory flow meter at a
first time instance tl and  generating a first tube period 'cml,tl for a
first flow material ml, vibrating the at least one  flowtube at
substantially the first time instance tl and generating a second tube
period  Tm2,tt for a second flow material m2, and determining a first
stiffness coefficient C1,t1 at  the first time instance ti from the first
tube period Tml,tl, a first density pml,tl, the second  tube period Tm2,t1,
and a second density pm2,tl. The method further comprises vibrating 3 WO
2007/041642 PCT/US2005/036201  the at least one flowtube at a second time
instance t2 and generating a third tube period  Tm3,t2 for a third flow
material m3, vibrating the at least one flowtube at substantially the
second time instance t2 and generating a fourth tube period Tm4,u for a
fourth flow  material m4, and determining a second stiffness coefficient
C1,t2 at the second time  instance t2 from the third tube period Tm3,a, a
third density Pm3,t2, the fourth tube period  Tm4,t2, and a fourth density
Pm4,tz. The method further comprises comparing the first  stiffness
coefficient Ct,tl and the second stiffness coefficient CI,t2 in order to
determine if  a stiffness of the vibratory flow meter has changed between
the first time instance tl and  the second time instance t2. A method for
determining a mass coefficient change in a vibratory flow meter is
provided according to an embodiment of the invention. The method comprises
vibrating  at least one flowtube of the vibratory flow meter at a first
time instance tl and generating a first tube period Tml,tl for a first flow
material ml, vibrating the at least one  flowtube at substantially the
first time instance tl and generating a second tube period  TmZ,tl for a
second flow material m2, and determining a first mass coefficient C2,t1 at
the  first time instance tl from the first tube period Tml,tl, a first
density pml,u, the second tube  period Tm2 t1, and a second density pm2,t1.
The method further comprises vibrating the at  least one flowtube at a
second time instance t2 and generating a third tube period Tm3A2  for a
third flow material m3, vibrating the at least one flowtube at
substantially the  second time instance t2 and generating a fourth tube
period Tm4,t2 for a fourth flow  material m4, and determining a second mass
coefficient C2,12 at the second time instance  t2 from the third tube
period -1.3.t2, a third density pm3 t2, the fourth tube period Tm4,a, and  



a fourth density pm4,t2. The method further comprises comparing the first
mass  coefficient C2,tt and the second mass coefficient C2,t2 in order to
determine if a mass of  the vibratory flow meter has changed between the
first time instance tl and the second  time instance t2. Aspects of the
Invention In one aspect of the meter electronics, the first flow material
ml comprises a gas  and the second flow material m2 comprises a liquid. In
another aspect of the meter electronics, the first flow material ml
comprises  air and the second flow material m2 comprises water. 4 WO
2007/041642 PCTIUS211115 /113 6 2111  In yet another aspect /of the meter
electronics, the stiffness coefficient C1 comprises C1= (P m1 - Pmt) /
((Tni1)2 - (Tm2)2) In yet another aspect of the meter electronics, the mass
coefficient C2 comprises  C2 = C1(Tm2)2 - Pm2 In yet another aspect of the
meter electronics, the mass coefficient C2 comprises  C2 = [(P m1 - Pmt) /
((Tml)` - (T M2)2)] (T ,2)2 - Pm2 In yet another aspect of the meter
electronics, the processing system is further  configured to generate a
second stiffness coefficient C1,12 at a second time, compare the  second
stiffness coefficient C1,t2 to the stiffness coefficient C1, and generate
an error  condition if the second stiffness coefficient Cl,t2 differs from
the stiffness coefficient Cl  by more than a predetermined stiffness
tolerance. In yet another aspect of the meter electronics, the processing
system is further  configured to generate a second mass coefficient C2,,2
at a second time, compare the  second mass coefficient C2,lz to the mass
coefficient C2i and generate an error condition  if the second mass
coefficient C2 t2 differs from the mass coefficient C2 by more than a
predetermined mass tolerance. In one aspect of the method, the first flow
material ml comprises a gas and the  second flow material m2 comprises a
liquid. In another aspect of the method, the first flow material ml
comprises air and the  second flow material m2 comprises water. 



In yet another aspect of the method, the stiffness coefficient C1 comprises
C1 = (p  ml - Pmt) / ((Tm1)2 - (T m2)2) In yet another aspect of the
method, the method further comprises generating a  second stiffness
coefficient C1,,2 at a second time, comparing the second stiffness
coefficient C112 to the stiffness coefficient C1, and generating an error
condition if the  second stiffness coefficient C1,t2 differs from the
stiffness coefficient Cl by more than a  predetermined stiffness tolerance.
In yet another aspect of the method, the mass coefficient C2 comprises C2 =
C1(T  m2)4 - Pm2. In yet another aspect of the method, the mass coefficient
C2 comprises C2 = [(P m1  - Pm2) / ((Tm1)2 - (T 2)2)] (T m2)2 - pmt. 5 WO
2007/041642 PCTIUS211115 /113 6 2111  In yet another aspect of the method,
the method further comprises generating a second mass coefficient C2,,2 at
a second time, comparing the second mass coefficient  C2,12 to the mass
coefficient C2, and generating an error condition if the second mass
coefficient C2,t2 differs from the mass coefficient C2 by more than a
predetermined mass  tolerance. Description of the Drawings The same
reference number represents the same element on all drawings. FIG. 1 shows
a flow meter comprising a meter assembly and meter electronics.  FIG. 2
shows the meter electronics according to an embodiment of the invention.
FIG. 3 is a graph of Flow Calibration Factor (FCF) versus stiffness
coefficient  C1. FIG. 4 is a flowchart of a method for determining a
stiffness coefficient C1 of a  vibratory flow meter according to an
embodiment of the invention. FIG. 5 is a flowchart of a method for
determining a mass coefficient C2 of a  vibratory flow meter according to
an embodiment of the invention. FIG. 6 is a flowchart of a method for
determining a stiffness coefficient change  and/or a mass coefficient
change according to an embodiment of the invention. Detailed Description of
the Invention 



FIGS. 1-6 and the following description depict specific examples to teach
those  skilled in the art how to make and use the best mode of the
invention. For the purpose  of teaching inventive principles, some
conventional aspects have been simplified or  omitted. Those skilled in
the'art will appreciate variations from these examples that fall  within
the scope of the invention. Those skilled in the art will appreciate that
the  features described below can be combined in various ways to form
multiple variations  of the invention. As a result, the invention is not
limited to the specific examples  described below, but only by the claims
and their equivalents. FIG. 1 shows a flow meter 5 comprising a meter
assembly 10 and meter  electronics 20. Meter assembly 10 responds to mass.
flow rate and density of a process  material. Meter electronics 20 is
connected to meter assembly 10 via leads 100 to  provide density, mass flow
rate, and temperature information over path 26, as well as  other
information not relevant to the present invention. A Coriolis flow meter
structure  is described although it is apparent to those skilled in the art
that the present invention 6 WO 2007/041642 PCTIUS211115 /113 6 2111  could
be practiced as a vibrating tube densitometer without the additional
measurement  capability provided by a Coriolis mass flow meter. Meter
assembly 10 includes a pair of manifolds 150 and 150', flanges 103 and
103' having flange necks 110 and 110', a pair of parallel flow tubes 130
and 130', drive  mechanism 180, temperature sensor 190, and a pair of
velocity sensors 170L and 170R.  Flow tubes 130 and 130' have two
essentially straight inlet legs 131 and 131' and outlet  legs 134 and 134'
which converge towards each other at flow tube mounting blocks 120  and
120'. Flow tubes 130 and 130' bend at two symmetrical locations along their
length  and are essentially parallel throughout their length. Brace bars
140 and 140' serve to  define the axis W and W' about which each flow tube
oscillates. The side legs 131, 131' and 134, 134' of flow tubes 130 and
130' are fixedly  attached to flow tube mounting blocks 120 and 120' and
these blocks, in turn, are fixedly  attached to manifolds 150 and 150'.
This provides a continuous closed material path  through Coriolis meter
assembly 10. When flanges 103 and 103', having holes 102 and 102' are
connected, via inlet  



end 104 and outlet end 104' into a process line (not shown) which carries
the process  material that is being measured, material enters end 104 of
the meter through an orifice  101 in flange 103 is conducted through
manifold 150 to flow tube mounting block 120  having a surface 121. Within
manifold 150 the material is divided and routed through  flow tubes 130 and
130'. Upon exiting flow tubes 130 and 130', the process material is
recombined in a single stream within manifold 150' and is thereafter routed
to exit end  104' connected by flange 103' having bolt holes 102' to the
process line (not shown). Flow tubes 130 and 130' are selected and
appropriately mounted to the flow tube  mounting blocks 120 and 120' so as
to have substantially the same mass distribution,  moments of inertia and
Young's modulus about bending axes W--W and W'--W',  respectively. These
bending axes go through brace bars 140 and 140'. Inasmuch as the  Young's
modulus of the flow tubes change with temperature, and this change affects
the  calculation of flow and density, resistive temperature detector (RTD)
190 is mounted to  flow tube 130', to continuously measure the temperature
of the flow tube. The  temperature of the flow tube and hence the voltage
appearing across the RTD for a  given current passing therethrough is
governed by the temperature of the material  passing through the flow tube.
The temperature dependent voltage appearing across the 7 WO 2007/041642
PCTIUS211115 /113 6 2111  RTD is used in a well known method by meter
electronics 20 to compensate for the  change in elastic modulus of flow
tubes 130 and 130' due to any changes in flow tube  temperature. The RTD is
connected to meter electronics 20 by lead 195. Both flow tubes 130 and 130'
are driven by driver 180 in opposite directions  about their respective
bending axes W and W' and at what is termed the first out-of- phase bending
mode of the flow meter. This drive mechanism 180 may comprise any  one of
many well known arrangements, such as a magnet mounted to flow tube 130'
and  an opposing coil mounted to flow tube 130 and through which an
alternating current is  passed for vibrating both flow tubes. A suitable
drive signal is applied by meter  electronics 20, via lead 185, to drive
mechanism 180. Meter electronics 20 receives the RTD temperature signal on
lead 195, and the  left and right velocity signals appearing on leads 165L
and 165R, respectively. Meter  



electronics 20 produces the drive signal appearing on lead 185 to drive
element 180 and  vibrate tubes 130 and 130'. Meter electronics 20 processes
the left and right velocity  signals and the RTD signal to compute the mass
flow rate and the density of the material  passing through meter assembly
10. This information, along with other information, is  applied by meter
electronics 20 over path 26 to utilization means 29. FIG. 2 shows the meter
electronics 20 according to an embodiment of the  invention. The meter
electronics 20 can include an interface 201 and a processing  system 203.
The meter electronics 20 receives a vibrational response 211, such as from
the meter assembly 10, for example. The meter electronics 20 processes the
vibrational  response 211 in order to obtain flow characteristics of the
flow material flowing through  the meter assembly 10. In addition, in the
meter electronics 20 according to the  invention, the vibrational response
211 is also processed in order to determine meter  coefficients.
Specifically, the vibrational response 211 can be processed in order to
determine a stiffness coefficient CI and a mass coefficient C2, among other
things. In operation, the meter electronics 20 receives a vibrational
response 211 and  processes two or more such vibrational responses 211 in
order to determine a stiffness  coefficient C1213 and a mass coefficient C2
214 for the meter assembly 10. Any two  distinct flow materials can be
placed in the meter assembly 10 and the meter assembly  10 can be vibrated
in order to produce a measured vibrational response. The two flow
materials should be substantially distinct in terms of density. Two
effective flow 8 WO 2007/041642 PCTIUS211115 /113 6 2111  materials for
this process are a gas and a liquid, such as air and water, for example.
However, other flow materials can be used. A novel aspect is that two flow
fluids are used for the density calibration,  wherein the invention can
generate an estimate of the sensor stiffness and mass. The  stiffness
measurement can be used to determine changes in the Flow Calibration Factor
(FCF). The mass term can be used to detect product build-up. The invention
is significant because it enables the meter electronics 20 to  perform a
flow calibration factor determination without performing an actual flow
calibration test. In enables an FCF determination without a calibration
test stand or  



other special equipment or special fluids. This is desirable because a
means to perform  a flow calibration is not always possible in the field,
but access to two fluids for the  density calibration is generally easy to
achieve. A simple model can be used in order to illustrate the invention.
The natural (or  resonant) frequency f for a single degree of freedom
system can be expressed as: 1 K 1  f 2n 'rntbe +.M niate,.ial ( ) Here, K
is the meter stiffness, Mtube is the mass of the flowtube, and Mmaterial is
the mass of the flow material in the flowtube. It can be seen from equation
(1) that if  the meter stiffness K changes, the measured frequency response
f will change, in error.  Therefore, changes in the meter stiffness K can
result in a degraded accuracy of the flow  meter 5. Any other flow
characteristics derived from the frequency and/or density will  also
exhibit a degraded accuracy. The mass of the flow material Mmateriat is
equal to the density of the flow material  pmateriat multiplied by the
volume V of the flow material. Substituting this into equation  (1)
produces: 1  f = 2'7r tVl Mr ee + Pn=dta.,n, h (2)  Equation (2) can be
solved for fluid density, yielding: K z2 - Mmbe (3)  P 4,r2V V 9 WO
2007/041642 PCTIUS211115 /113 6 2111  Here i is the tube period (i.e., the
reciprocal of the tube frequency, t = 1/f). It can be seen in equation (3)
that the density is related to the square of the tube period  through two
coefficients. This equation can also be written as: P = C1z2 - C2 (4)  From
equation (4), it can be seen that a change in the stiffness coefficient C1
will  cause an error in a measured density if the original values for the
stiffness coefficient CI  (and the mass coefficient C2) are used to
calculate a density value for a current 



vibrational response. The first coefficient C1 is directly related to a
stiffness characteristic of the flow  meter, comprising: C K (5)  47r2V
Therefore, the stiffness coefficient C1 can be used to determine whether
the Flow  Calibration Factor (FCF) has changed over time, as the FCF is
directly related to  stiffness. The second coefficient C2 is directly
related to the mass of the meter assembly  10. The second coefficient C2
comprises: C = Mt"ac (6)  V The mass coefficient C2 can be used to detect
and determine changes to the mass  of the meter assembly 10. For example, a
change in the second coefficient C2 over time  can be used to determine
whether a flowtube is being coated by the flow material, as a  coating of
flow material will change the mass of the meter assembly 10. A coating (or
any other retained mass) will restrict the flow in the flow meter 5 and can
reduce the  accuracy of any flow measurements. The first and second
coefficients C1 and C2 can be determined by noting the tube  period for
flow materials ml and m2 of two known, substantially distinct densities.
The  solution can solve two equations for two unknowns. The stiffness
coefficient C1 can be  determined as: C = (Pmt - Pmt) (7)  2 2 (Zin -Zm2)
10 WO 2007/041642 PCTIUS211115 /113 6 2111  Here, pml is the density of a
first flow material ml, Tml is the corresponding tube period for the first
flow material ml, pmt is the density of a second flow material m2,  and
tim2 is the corresponding tube period for the second flow material m2. It
should be  understood that ml and m2 can comprise any two flow materials
having substantially  



distinct densities. For example, if the densities differ by at least 0.1
g/cc, then the  coefficients CI and C2 can be accurately and satisfactorily
resolved. For example, the  first flow material ml can comprise a gas and
the second flow material m2 can comprise  a liquid (or vice versa). In
another example, the first flow material ml can comprise air  and the
second flow material m2 can comprise water. It should be understood that
the  above flow materials are given as examples, and are not limiting. The
mass coefficient C2 can be further simplified as:  Cz = C z 1Zniz - An2 (8)
Consequently, the stiffness coefficient Cl 213 and the mass coefficient C2
214  can be determined by generating tube periods r and obtaining flow
material densities p  for at least two flow materials ml and m2. Two or
more flow materials are needed in  order to solve two equations for two
unknowns, as previously discussed. In addition,  the coefficients can be
periodically and/or repeatedly determined in order to detect  stif less
and/or mass error conditions. In use, the stiffness coefficient CI can be
tracked over time. For example,  statistical techniques can be used to
determine any changes in the stiffness coefficient C1  over time. A
statistical change in C1 can indicate that the FCF for the particular flow
meter has changed. The invention provides a stiffness coefficient CI that
does not rely on stored or  recalled calibration density values. This is in
contrast to the prior art, where a known  flow material is used in a
factory calibration operation to obtain a density standard that  can be
used for all future calibration operations. The invention provides a
stiffness  coefficient C1 that is obtained from vibrational responses of
the flow meter and known  flow material densities. The invention provides a
stiffness detection/calibration process  without the need for a factory
calibration process. The interface 201 receives the vibrational response
211 from one of the velocity  sensors 170L and 170R via the leads 100 of
FIG. 1. The interface 201 can perform any  necessary or desired signal
conditioning, such as any manner of formatting, 11 WO 2007/041642
PCTIUS211115 /113 6 2111  



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
electronic, optical, or wireless communication. The interface 201 in one
embodiment is coupled with a digitizer (not shown),  wherein the sensor
signal comprises an analog sensor signal. The digitizer samples and
digitizes an analog vibrational response and produces the digital
vibrational response  211. The processing system 203 conducts operations of
the meter electronics 20 and  processes flow measurements from the flow
meter assembly 10. The processing system  203 executes one or more
processing routines and thereby processes the flow measurements in order to
produce one or more flow characteristics. The processing system 203 can
comprise a general purpose computer, a  microprocessing 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. The
storage system 204 can store flow meter parameters and data, software
routines, constant values, and variable values. In one embodiment, the
storage system  204 includes routines that are executed by the processing
system 203, such as a  coefficient routine 210 that determines one or more
coefficients for the flow meter 5. In one embodiment, the storage system
204 stores variables used to operate the  flow meter 5. The storage system
204 in one embodiment stores variables such as the  vibrational response
211, which can be received from the velocity/pickoff sensors 170L  and
170R, for example. In one embodiment, the storage system 204 stores
constants, coefficients, and  working variables. For example, the storage
system 204 can store a determined stiffness  coefficient C1213 and a
determined mass coefficient C2 214. The storage system 204  can further
store a pair of the same coefficients that are determined later in time,
such as  a second stiffness coefficient Cl,t2 216 and a second mass
coefficient C2,u 217. The  



storage system 204 can store working values such as a first tube period
11220, a second 12 WO 2007/041642 PCTIUS211115 /113 6 2111  tube period r2
221, a first density p1222, and a second density P2 223. In addition, the
storage system 204 can store constants, thresholds, or ranges, such as the
stiffness  tolerance 230 and the mass tolerance 232. FIG. 3 is a graph of
Flow Calibration Factor (FCF) versus stiffness coefficient  C1. The graph
data was empirically obtained for a typical flow meter. A strong
correlation between C1 and FCF is seen in this graph, and is further shown
by the  corresponding correlation coefficient of 97.8%. The graph therefore
demonstrates that  the stiffness coefficient C1 can be used to monitor the
FCF value and the stiffness  coefficient C1 can be used to detect changes
to the FCF. FIG. 4 is a flowchart 400 of a method for determining a
stiffness coefficient C1  of a vibratory flow meter according to an
embodiment of the invention. In step 401, the  meter assembly 10 is
vibrated, wherein the meter assembly 10 contains a first flow  material ml.
The flow material can be static or can be flowing through the meter
assembly 10. A vibrational response is measured, and the vibrational
response is used  to generate a first tube period timl for the first flow
material ml. The tube period i  comprises the inverse of the frequency
(i.e., ti = 1/f). The vibrational response in one  embodiment comprises a
frequency response. In step 402, a first density pml is obtained. The first
density pm, can be input by  an operator, for example, or can be selected
and recalled from memory. In step 403, the meter assembly 10 is vibrated
with a second flow material m2  present. The second flow material m2
differs from the first flow material ml, such as  by having a substantially
distinct density. A second vibrational response is received and  a second
tube period'rm2 is determined. In step 404, a second density pmt is
obtained, similar to the first density pin. The  second density p,, is
substantially distinct from the first density pml, as previously
discussed. In step 405, a stiffness coefficient C, is determined from the
first density pmt, the  first tube period Tm1, the second density pmt, and
the second tube period Tm2 (see  



equation (7)). In step 406, a second stiffness coefficient C1,t2 is
generated at a second time  instance t2. The second stiffness coefficient
C1,t2 is generated in the same manner as the  stiffness coefficient C1,
above. The second stiffness coefficient C1,t2 can be generated 13 WO
2007/041642 PCTIUS211115 /113 6 2111  using the first and second flow
materials ml and m2, or can be generated using a third  flow material m3
and a fourth flow material m4. In step 407, the second stiffness
coefficient CI,t2 is compared to the stiffness  coefficient Q. The
comparison can be performed in order to determine if the stiffness  of the
meter assembly 10 has substantially changed. The comparison can further
compare a stiffness coefficient change to a stiffness tolerance 230. If the
stiffness  coefficient change exceeds the stiffness tolerance 230, then the
method branches to step  408; otherwise, the method is complete. In step
408, because the stiffness coefficient change exceeds the stiffness
tolerance 230, then an error condition is set. The error condition can
include any  manner of error flag, variable, indicator, or routine. FIG. 5
is a flowchart 500 of a method for determining a mass coefficient C2 of a
vibratory flow meter according to an embodiment of the invention. In step
501, the  meter assembly 10 is vibrated in order to generate a first tube
period 'cm1i as previously  discussed. In step 502, a first density pml is
obtained, as previously discussed. In step 503, the meter assembly 10 is
vibrated with a second flow material m2, as  previously discussed, in order
to obtain the second tube period tm2. The second flow  material m2 differs
from the first flow material ml, as previously discussed. In step 504, a
second density pmt is obtained, as previously discussed. In step 505, a
mass coefficient C2 is determined from at least the second tube  period Tm2
and the second density pmt. The determination can employ the stiffness
coefficient C1 and the second tube period Tm2 and the second density Pm2
(see equation  (8)). Alternatively, the determination can employ all four
determined variables  according to: 



(P,,,1 -,P,,2) 2 ( )  C2 = Z 2 Zm2 - Pmt 9  (r 1 -Zm2) In step 506, a
second mass coefficient C2,t2 is generated at a second time instance  t2.
The second mass coefficient C2,t2 is generated in the same manner as the
mass  coefficient C2, above. The second mass coefficient C2,t2 can be
generated using the first  and second flow materials ml and m2, or can be
generated using a third flow material  m3 and a fourth flow material m4. 14
WO 2007/041642 PCTIUS211115 /113 6 2111 In step 507, the second mass
coefficient C2,12 is compared to the mass coefficient  C2. The comparison
can be performed in order to determine if the mass of the meter  assembly
10 has substantially changed. The comparison can further compare a mass
coefficient change to a mass tolerance 232. If the mass coefficient change
exceeds the  mass tolerance 232, then the method branches to step 508;
otherwise, the method is  complete. In step 508, because the mass
coefficient change exceeds the mass tolerance 232,  then an error condition
is set. The error condition can include any manner of error flag,
variable, indicator, or routine. FIG. 6 is a flowchart 600 of a method for
determining a stiffness coefficient  change and/or a mass coefficient
change according to an embodiment of the invention.  In step 601, a first
stiffness coefficient Cl,tl for a first flow material ml is determined at
a first time instance tl. The first stiffness coefficient C1,t1 is
determined from a first  density pml, a first tube period timl, a second
density pmt, and a second tube period tim2, as  previously described. In
step 602, a first mass coefficient C2,1, for the first flow material ml is
also  determined for the first time instance tl. The first mass coefficient
C2,t1 is also  determined from the first time instance tube periods and
densities. In step 603, a second stiffness coefficient Cl,t2 is determined
at a second time  instance t2. The second time instance t2 is different
from the first time instance tl. Any  amount of time can extend between the
first time instance tl and the second time  



instance t2. It should be noted that the flow materials used to generate
the second  stiffness coefficient C1,t2 can be the same or different than
the flow materials used to  generate the first stiffness coefficient C1.t1.
The same also applies to the mass  coefficient C2. In step 604, a second
mass coefficient C2,t2 is determined at the second time  instance t2. In
step 605, the first stiffness coefficient C1,tj is compared to the second
stiffness  coefficient C1,t2. The comparison can be performed in order to
determine if the stiffness  of the flow meter 5 has substantially changed.
The comparison can further compare a  stiffness coefficient change to a
stiffness tolerance 230. The stiffness tolerance 230 can  comprise any
manner of tolerance threshold or tolerance range. If the stiffness 15 WO
2007/041642 PCTIUS211115 /113 6 2111  coefficient change exceeds the
stiffness tolerance 230, then the method branches to step  606; otherwise,
the method proceeds to step 607. In step 606, because the stiffness
coefficient change exceeds the stiffness  tolerance 230, then an error
condition is set. The error condition can include any  manner of error
flag, variable, indicator, or routine. In step 607, the first mass
coefficient C2,11 is compared to the second mass  coefficient C2,c2. The
comparison can be performed in order to determine if the mass of  the flow
meter 5 has substantially changed. The comparison can further compare a
mass  coefficient change to a mass tolerance 232. If the mass coefficient
change exceeds the  mass tolerance 232, then the method branches to step
608; otherwise, the method is  complete. In step 608, because the mass
coefficient change exceeds the mass tolerance 232,  then an error condition
is set. The error condition can include any manner of flag,  variable,
indicator, alarm, or routine, as previously discussed. The method 600 can
be iteratively, periodically, or randomly performed. It  should be
understood that the method 600 can be repeatedly performed for one or both
of the coefficients C1 and C2. The method 600 can be performed at
predetermined  landmarks, such as at a predetermined hours of operation,
upon a change in flow  



material, etc. The meter electronics and methods according to the
invention can be employed  according to any of the embodiments in
order to provide several advantages, if desired.  The invention
provides a stiffness coefficient C1 that is substantially related to
a  flowtube stiffness of the flow meter. The invention provides a
mass coefficient C2 that  is substantially related to a mass of the
flow meter. The invention provides coefficients  that do not rely on
stored or recalled calibration density values. The invention provides
coefficients that are obtained from vibrational responses of the flow
meter. The invention provides a stiffness detection/calibration
process without the need  for a factory calibration process. The
invention can perform a calibration process in the  field. The
invention can perform a calibration process at any time. The
invention can  perform a calibration process without the need for a
calibration test rig and without the  need for specific calibration
flow materials. 16 WO 2007/041642 PCTIUS211115 /113 6 2111  The
invention can perform a calibration process using two or more flow
materials. The invention can perform calibration processes that
determine changes in  stiffness of the flow meter over time. The
invention can perform calibration processes  that determine changes
in mass of the flow meter over time. 17 WO 2007/040542
PCT/US2005/036201  We claim: 1. Meter electronics (20) for a flow
meter (5), the meter electronics (20) comprising an  interface (201)
for receiving a vibrational response and a processing system (203) in
communication with the interface (201), with the meter electronics
(20) being  characterized by: the processing system (203) being
configured to receive the vibrational response  from the interface
(201), vibrate at least one flowtube (130) of the vibratory flow
meter  (5) and generate a first tube period Tml for a first flow
material ml, vibrate the at least  one flowtube (130) of the
vibratory flow meter (5) and generate a second tube period Tm2  for a
second flow material m2, and determine one or more of a stiffness
coefficient Cl or  



a mass coefficient C2 from the first tube period T1,,1, a first
density pmt, the second tube  period Tm2, and a second density pm2.
2. The meter electronics (20) of claim 1, characterized in that the
first flow material ml  comprises a gas and the second flow material
m2 comprises a liquid. 3. The meter electronics (20) of claim 1,
characterized in that the first flow material inl  comprises air and
the second flow material m2 comprises water. 4. The meter electronics
(20) of claim 1, characterized in that the stiffness coefficient C,
comprising Ci = (Pmi - pmt) / ((Tmi)2 - (Tmz)2) 5. The meter
electronics (20) of claim 1, characterized in that the mass
coefficient C2  comprising C2 = Ci('c,,,2)2 - pmt. 6. The meter
electronics (20) of claim 5, characterized in that the mass
coefficient C2  comprising C2 = [(P ml - Pm2) / ((Tml)2 - (T m2)2)]
(T M2,)2 - Pm2 18 WO 2007/040542 PCT/US2005/036201  7. The meter
electronics (20) of claim 1, characterized in that further
comprising: generating a second stiffness coefficient C1,12 at a
second time; comparing the second stiffness coefficient C,,12 to the
stiffness coefficient C,; and  generating an error condition if the
second stiffness coefficient C,,12 differs from the  stiffness
coefficient C, by more than a predetermined stiffness tolerance. 8.
The meter electronics (20) of claim 1, characterized in that further
comprising:  generating a second mass coefficient C2,12 at a second
time; comparing the second mass coefficient C21(2 to the mass
coefficient C2; and  generating an error condition if the second mass
coefficient C2,12 differs from the  mass coefficient C2 by more than
a predetermined mass tolerance. 9. A method for determining a
stiffness coefficient C, of a vibratory flow meter, the  method
comprising: vibrating at least one flowtube of the vibratory flow
meter; and generating a first  tube period ti,,,, for a first flow
material ml, the method being characterized by:  vibrating the at
least one flowtube of the vibratory flow meter and generating a
second tube period'Ln,2 for a second flow material m2; and
determining the stiffness coefficient C, from the first tube period a
first density  



p,,,,, the second tube period tin?, and a second density p,,,2. 10.
The method of claim 9, characterized in that the first flow material
ml comprises a gas  and the second flow material m2 comprises a
liquid. 11. The method of claim 9, characterized in that the first
flow material ml comprises air  and the second flow material m2
comprises water. 12. The method of claim 9, characterized in that the
stiffness coefficient C, comprising C,  _ (p ml - pmt) / ((-C11)2 -
(ti m2)2). 13. The method of claim 9, characterized in that further
comprising determining a mass  coefficient C2 comprising C2 =
C,(T,,,2)2 - P1112 19 WO 2007/040542 PCT/US2005/036201  14. The
method of claim 9, characterized in that further comprising
determining a mass  coefficient C2 comprising C2 = [(p ml - Pmt) /
((211,1)2 - (T m2)2)] (T m2)2 - Pm2 15. The method of claim 9,
characterized in that further comprising:  generating a second
stiffness coefficient C 1,t2 at a second time; comparing the second
stiffness coefficient C1,t2 to the stiffness coefficient C1; and
generating an error condition if the second stiffness coefficient C
1.12 differs from the  stiffness coefficient C 1 by more than a
predetermined stiffness tolerance. 16. A method for determining a
mass coefficient C2 of a vibratory flow meter, the method
comprising: vibrating at least one flowtube of the vibratory flow
meter and generating a first tube  period ti,,,l for a first flow
material ml, the method being characterized by: vibrating the at
least one flowtube of the vibratory flow meter and generating a
second tube period T,112 for a second flow material m2; and
determining the mass coefficient C2 from at least the second tube
period 'E,12, and a  second density p,,,2. 17. The method of claim
16, characterized in that the first flow material in 1 comprises a
gas  and the second flow material m2 comprises a liquid. 18. The
method of claim 16, characterized in that the first flow material in
1 comprises air  and the second flow material m2 comprises water. 19.
The method of claim 16, characterized in that the mass coefficient C2
comprising C2 =  



z 20. The method of claim 16, characterized in that the mass
coefficient C2 comprising C2 =  [(P.,,l - Pm2) / ((tim1)2 - (T m2)2)~
(ti 11,2)2 - Pm2 20 WO 2007/040542 PCT/US2005/036201  21. The method
of claim 16, characterized in that further comprising determining a
stiffness coefficient C, comprising C, = (p,,,, - p112) / ((r,,,,)2 -
(ti "2)2). 22. The method of claim 16, characterized in that further
comprising:  generating a second mass coefficient C2,t2 at a second
time; comparing the second mass coefficient C2,t2 to the mass
coefficient C2; and  generating an error condition if the second mass
coefficient C2.12 differs from the  mass coefficient C2 by more than
a predetermined mass tolerance. 23. A method for determining a
stiffness coefficient change in a vibratory flow meter, the  method
comprising: vibrating at least one flowtube of the vibratory flow
meter at a first time instance tl  and generating a first tube period
ti,,,,,t, for a first flow material ml, the method being
characterized by: vibrating the at least one flowtube at
substantially the first time instance tl and  generating a second
tube period 'c,,,2,t, for a second flow material m2; determining a
first stiffness coefficient C,,t, at the first time instance tl from
the first  tube period 'c,,,,,t,, a first densityp,,,,,t,, the second
tube period'L,,,2,ti, and a second density  pn,2,t ; vibrating the at
least one flowtube at a second time instance t2 and generating a
third  tube period T,113,t2 for a third flow material m3; vibrating
the at least one flowtube at substantially the second time instance
t2 and  generating a fourth tube period 'c,,,4,t2 for a fourth flow
material m4; determining a second stiffness coefficient C,,t2 at the
second time instance t2 from  the third tube period ti,,,3,12, a
third density p1n3,t2, the fourth tube period 'C,,,4,12, and a fourth
density p,114,t2; and comparing the first stiffness coefficient C,,t,
and the second stiffness coefficient C,,,2  in order to determine if
a stiffness of the vibratory flow meter has changed between the first



time instance tl and the second time instance t2. 24. The method of
claim 23, characterized in that the first stiffness coefficient Ci.u
and the  second stiffness coefficient C,,t2 comprising C, = (p,,,, -
P,,2) / ((ti11)2 - (ti 112)2). 21 WO 2007/040542 PCT/US20051036201
25. The method of claim 23, characterized in that further comprising:
determining a first mass coefficient C2,11 and a second mass
coefficient C2,12  comprising C2 = CI(Qc,112)2 - p1112; and comparing
the first mass coefficient C2,11 and the second mass coefficient
C2,12 in  order to determine if a mass of the vibratory flow meter
has changed between the first time  instance tl and the second time
instance t2. 26. The method of claim 23, characterized in that
further comprising: determining a first mass coefficient C2,11 and a
second mass coefficient C2,12  comprising C2 = [(P II i - Pm2) /
((Tn,i)2 - (T 1,2)2)] (T 112)2 - p,,,2; and comparing the first mass
coefficient C2,l1 and the second mass coefficient C2,12 in  order to
determine if a mass of the vibratory flow meter has changed between
the first time  instance tl and the second time instance t2. 27. A
method for determining a mass coefficient change in a vibratory flow
meter, the  method comprising: vibrating at least one flowtube of the
vibratory flow meter at a first time instance tl  and generating a
first tube period T,,,I,u for a first flow material ml, the method
being  characterized by: vibrating the at least one flowtube at
substantially the first time instance tl and  generating a second
tube period T,,,2,11 for a second flow material m2; determining a
first mass coefficient C2111 at the first time instance t l from the
first  tube period a first density p,,,1,1i, the second tube period
'n12,1I, and a second density  Pn12,11; vibrating the at least one
flowtube at a second time instance t2 and generating a third  tube
period ',,,3,12 for a third flow material m3; vibrating the at least
one flowtube at substantially the second time instance t2 and
generating a fourth tube period ',,14,12 for a fourth flow material
m4; 



determining a second mass coefficient C2,12 at the second time
instance t2 from the  third tube period -C,13-12, a third density
2,13,12, the fourth tube period ',114.12, and a fourth  density
2,,,4.2; and 22 WO 2007/040542 PCT/US2005/036201  comparing the first
mass coefficient C2,11 and the second mass coefficient C2,t2 in order
to determine if a mass of the vibratory flow meter has changed
between the first time  instance tl and the second time instance t2.
28. The method of claim 27, characterized in that the first mass
coefficient C2,tt and the  second mass coefficient C2t ,2 comprising
C2 = C I (im2)2 Pm2- 29. The method of claim 27, characterized in
that the first mass coefficient C2,11 and the  second mass
coefficient C2,t2 comprising C2 = [(P,,] - Pm2) / ((tim1)2 - (ti
m2)2)] (ti m2)2 - Pm2- 30. The method of claim 27, characterized in
that further comprising: determining a first stiffness coefficient
C1,tl and a second stiffness coefficient CI,12  comprising C, = (p
nil - Pn12) / ((timl `2 ' (ti m2)2); and comparing the first
stiffness coefficient C1,tt and the second stiffness coefficient
CI,t2  in order to determine if a stiffness of the vibratory flow
meter has changed between the first  time instance tl and the second
time instance t2. 23 
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