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DRIVER FOR OSCILLATING A VIBRATING CONDUIT

FIELD OF THE INVENTION

The present invention relates to apparatus and methods of utilizing and
controliing a driver(s) for oscillating a vibrating conduit. More particularly the
present invention relates to optimally locating a driver(s) so t_hat muitiple vibration
modes are appropriately influenced by operation of the driver(s).

STATEMENT OF THE PROBLEM

Itis known to use Coriolis effect mass flowmeters to measure mass flow and
other information for materials flowing through a conduit. Exemplary Coriolis
flowmeters are disclosed in U.S. Pat. Nos. 4,109,524 of August 29, 1 978,4,491,025
of January 1, 1985, and Re. 31,450 of February 11, 1982, all to J. E. Smith et al.
These flowmeters have one or more conduits of straight or curved configuration.
Each conduit configuration in a Coriolis mass flowmeter has a set of natural
vibration modes, which may be of a simple bending, torsional, radial 6r coupled
type. Each conduit is driven to oscillate at resonance in one of these natural
modes. Material flows into the flowmeter from a connected conduit on the inlet side
of the flowmeter, is directed through the conduit or conduits, and exits the
flowmeter through the outlet side. The natural vibration modes of the vibrating,
material filled system are defined in part by the combined mass and stiffness
characteristics of the conduits and the material flowing within the conduits.

When there is no flow through the flowmeter, all points-along the conduit
oscillate, due to an applied driver force, with identical phase or a zero-flow phase
depending on the mode of the driven vibration. As material begins to flow, Coriolis
forces cause a change in phase difference between any two points along the

" conduit. The phase on the inlet side of the conduit lags the driver, while the phase

on the outlet side leads the driver. Pick-off sensors are placed on the conduit to
produce sinusoidal signals representative of the motion of the conduit. Signals
output from the pick-off sensors are processed to determine the change in phase -
difference between the pick-off sensors. The change in phase difference between
two pick-off sensor signals is proportional to the mass flow rate of materiat through
the conduit. '

A typical component of every Coriolis flowmeter, and of every vibrating tube
densitometer, is the drive or excitation system. The drive system operates to apply
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a periodic physical force to the conduit which causes the conduit to oscillate. The
drive systém includes a driver mounted to the conduit(s) of the flowmeter. The
driver mechanism typically contains one of many well known arrangements, s_'uch
as, but not limited to, a voice coil where a magnet is mounted to one conduit a.nd
a wire coil is mounted. to the other_conduit in an opposing -rélationship to the
magnet. A drive circuit continucusly applies a periodic, typically sinusoidally: or
square shaped, drive signal to the driver coil. Through interaction of the continuous
alternating magnetic field produced by the coil in response to the periodic drive
signal and the constant magnetic field produced by the magnet, bdth flow conduits
are initially forced to vibrate in an opposing sinuséidal pattern which is thereafter
maintainéd. Those skilled in the art recognize that any device capable of

converting an electrical signal fo mechanical force is suitable for application as a -

driver. (See U.S. Patent 4,777,833 issued to Carpenter and assigned on its face
to Micro Motiori, Inc.) Also, one need not use a sinusoidal signal but rather any

periodic signal may be appropriate as the driver signal (see U.S. Patent 5,009,109

issued to Kalotay et. al. and assigned on its face to Micro Motion, Inc.).

A typical mode, although not the only mode, in which a dual-tube Coriolis

flowmeter is driven is the first out-of-phase bending mode. However, the first out-

of-phase bending mode is not the only mode of vibration present in the vibratiné
structure of a Coriolis flowmeter driven in the first out-of-phase bending mode.
There are, of course, higher modes of vibration which may be excited. There are

also, as a result of fluid flowing through the vibrating conduit and the consequent

Coriolis forces, Coriolis response modes such as the first out-of-phase twist mode.
There are also in-phase and lateral modes of vibration. Other reasons that
additional and undesirable modes are sometimes excited in a Coriolis flowmeter is
when manufacturing tolerances are such that the driver elements are not located
symmetfrically on the conduits or the driver does not generate a pure uni-axial force
in the intended direction perpendicular to the tube plane. This results in the driver
putting eccentric forces into the condulits hence exciting multiple modes of vibration.
in addition to multiple modes being excited by the driven excitation of the conduits,
modes can be excited due fo vibrations external to the flowmeter. For éxample. a
pump located elsewhere in a process line might generate a vibration along a
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pipeline that excites a mode of vibration in a Coriolis flowmeter. Ultimately, there
are hundreds of vibration modes present in a Coriolis flowmeter that is intended to
oscillate in only a single mode such as the first out-of-phase bending mode. Even
within a relatively narrow range of frequencies near the driven mode there are
typically at least several additional modes of vibration. Thus a Coriolis flowmeter
driven to oscillate or resonate at one mode actually has a conduit(s) oscillating in
‘many other modes in addition to the intended mode.

The pick-off sensors on a vibrating conduit(s) produce feedback signals
representative of the vibration of the conduit(s). Thus if the conduit(s) are vibrating
at multiple modes then any feedback signal from a pick-off sensor on the vib’fating
conduit(s) will have modal content representative of the multiple modes of vibration.
This can lead to problems in the drive signal feedback loop since undesired
vibration modes can be reinforced by the drive signal itself. For example, a pump
might cause é vibration in a pipeline in which is fixed a Coriolis flowmeter. The
Coriolis flowmeter is caused to vibrate at a certain mode because of the'pump.
vibration. This vibration mode is represented by certain modal content in the drive
feedback signal (from one of the pick-offs). The drive feedback signal is processed
to produce a drive signal. The drive signal, which still has modal content at the

vibration mode induced by the pump vibration, is used to drive the Coriolis

/ flowmeter to vibrate. Thus the flowmeter is driven to vibrate at an undesirable

mode.

Another exemplary problem relates to intrinsic safety requirements. ln. order
to meet intririsic safety requireménts set by various approvals agencies, the total
power available at the driver of a Coriolis flowmeter is limited. This power limitation
can be a probiem for Coriolis ﬂowmetgrs particularly with respect to larger
flowmeters and more particularly with respect to larger flowmeters measuring fiuids
with entrained gas. Therefore it is important to input energy to a flowmeter in a way
that only the desired vibration mode(s) is excited therefore inputting energy at the
desired modes and not ‘wasting’ energy on undesired modes.

Afurther problem is that, in the example of an historical Coriolis meter driven
at the first out-of phase bend mode, the driver location is also a position of
maximum amplitude for the second out-of-phase bend mode. Hence the second



)

WO 99/28708 PCT/US98/25441 _

10

15

20

25

30

out-of-phase bend mode is solidly excited in a Coriolis meter driven to oseillate at '-'
the first out-of-phase bend mode. The drive feedback signal, arid subsequently the -
drive signal, therefore contains a strong response in the second out-of-phase bend
mode.

United States Patent No. 5,301 ,557 issued April 12,1994 to Cage etal. and
assigned on its face to Micro Motion, Inc. (“the ‘5657 patent”) describes a method of |
locating pick-off sensors on the coriduit(s) of a Coriolis flowmeter. The ‘557 patent
describes a method for mounting pick-offs at locations on a ::_gnduit(s) near a
node(s) of an undesired mode(s) of vibration. The pick-offs are therefore less likely
tofproduce signals having a strong component of the undesired mode(s). The ‘557
patent does not teach anything about the placement of drivers or use of the drive
signal where undesired modes are suppressed.

There is a need for optimally locating driver elements on the vibrating tube(s)
so that unwanted modes are minimized. There exists a further need _for increasing
the driver force available at a Coriolis flowmeter while still corhplying with intrinsic
safety requirements. There exists a need for influencing muitiple modes on'thé' ‘
vibrating tube(s) of a flowmeter such as to excite two modes or to excite one mode
and suppress another. |

' STATEMENT OF THE SOLUTION

The above identified problems, and others, are solved and a technical
advance is achieved in the field by the drive system of the present invention. The
present invention provides a method and apparatus for using modal analysis -
techniques to optimally locate a driver(s) on the vibrating tube(s) of a flowmeter so
that vibration modes are appropriately influenced. One or more drivers are placed
at location(s) on the conduit(s) such that energy is input to the vibrating structure
that excites a desired vibration mode(s) and does not excite an undesired vibration
mode(s). Excitation of undesired modes is minimized, driver force at the desired
vibration mode is maximized, and conduit(s) are thereby more effectively driven in
the desired mode(s).

A method is provided for optimally locating drivers on the vibrating conduits -
so that influence of multiple vibration modes is controlied. To influence a mode is
to excite or suppress the mode. A Finite Element (FE) model of the vibrating
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conduit(s) is built. The eigenvector coefficients for the modes of interest are
extracted from the FE model. Alternatively, modal analysis techniques areusedto
determine the eigenvector coefficients for the modes of interest. The eigenvecter
coefficients of the modes of interest are graphed to identify those regions along the
vibrating tube(s) where, for example, -one desired mode is near a point of
maximum amplitude and one undesired mode is near a point_ of minimum
amplitude. A driver is positioned within this region. A driver located in this region
is less likely to excite the undesired mode while appropriately exciting the desired |
mode. The same technique is used to locate a driver(s) so that multiple desired
modes are most effectively excited or to ensure that multiple undesired modes are-
not excited. i

The eigenvector coefficients for the modes of interest are altemaﬁvely used
to produce a Frequency Response Function (FRF) for the vibrating conduit(s). A
FRF charactei'izes ihe dynamics between a force applied to a strucfure atone -
location and the resulting motion of the structure at another location. The FRF is
used to quantitatively determine the optimal driver location(s) on the vsbratmg '
tube(s) as an altematlve to the graphing method noted above.

A U-shaped vibrating conduit provides an example of the present lnventlon

for optimally locating drivers. Historically a single driver is located at the center of

the bight end of a U-shaped conduit. A sinusoidal signal at the frequency of the first
out-of-phase bend mode is delivered to the single driver to cause the conduit(s) to
vibrate. The center of the bight end of the conduit(s) is a point of m_aximdm
amplitude of both the first and second out-of-phase bend modes of the U-shaped
conduit(s). Thus, this driver location tends to excite the undesirable sécon_d out-of-
phase bending mode as well as the desirable first out-of-phase bending mode.

‘The presentinvention provides a flowmeterwith driver(s) located at position(s) such

that the first out-of-phase bend mode is excited (desirable) but excitation of the
second out-of-phase bend mode is minimized. This is accomplished according to
the present invention by placing at least one driver at a location which is near a
position of maximum amplitude of the desired first out-of-phase bend mode and

near a position of minimum amplitude of the undesired second out-of-phase bend
mode.
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A further example of the present invention is where one desires to excite
both thé first out-of-phase bend mode and the first out-of-phase twist mode but not
the second out-of-phase bend mode. Historically, this would be accomplished by
locating, in the example of a U-shaped conduit(s), a single driver at the center of
the bight end of the conduit to excite the first out-of-phase bend mode and a pair
of drivers on oppbsite legs of the conduit(s) to excite the first out-of-phase twist
mode. An entirely different approach and structure resuit according to the present
invention. A FE model of the vibrating structure is built. The eigenvector
coefficients for the first out-of-phase bend mode, first out-of-phase twist mode and
second out-of-phase bend mode are extracted from the FE mode!. The eigenvector
coefﬁciénts are graphed with respect to distance along the conduit and the driver
locations are selected. The selected driver locations are positions along the
conduit where the first out-of-phase bend mode and the first out-of-phase twist
mode are near points of maximum amplitude and the second out-of-phase bend -
mode is near a point of minimum amplitude. Thus appropriately phased energy
input to the drivers at these locations tends to excite the first out—_of-iphase bend
mode and the first out-of-phase twist mode and likewise tends not to excite the
second out-of-phase bend mode.

Optimal location of drivers also allows for an increase in the power input to
the vibrating tube(s) at the desired mode(s) since more of the available power is
delivered at the desired mode(s). This is advantageous where high drive power is
necessary such as, but not limited to, where intrinsic safety requirements are an
issue. Further gains in drive power are achievable according to the present
invention by using multiple drivers, which are appropriately located and each of
which is controlled by a separate drive circuit.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts a Coriolis mass flowmeter system;

FIG. 2 depicts a finite element model representation of the vibrating
conduits of the Coriolis mass flowmeter system of FIG. 1;

FIG. 3 is a graph of mode shape coefficients with respect to position along
the conduits of FIG. 2;
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FIG. 4 depicts a finite element model representation of a Coriolis mass

flowmeter system including a driver and feedback elements according to the

present invention;

FIG. 5 depicts a finite element model representation of a Coriolis_ mass
flowmeter system including a driver and feedback elements according to another
embodiment of the present invention;

FIG. 6A and 6B are graphs of phase and magnitude of conduit velocity for
two different driver schemes;

FIG. 7A and 7B are graphs of phase and magnitude of conduit velocity for
a driver scheme using dual drivers delivering force with equal amplitude but

_ opposite phase;

FIG. 8 depicts a dual drive system having electrically isolated drive circuits
for each driver element; ' '

FIG. 9 depicts a finite element model representatlon of a straight tube
Coriolis mass flowmeter according to the present invention;

FIG. 10is a graph of mode shape coefficients with respect to position aiong
the conduits of FIG. 9;

FIG. 11is ablock diagram of a drive circuit for producing a multi-mode drive
signal.

DETAILED DESCRIPTION
Coriolis Flowmeter System in General - FIG. 1
| Figure 1 shows a Coriolis flowmeter 5 comprising a Coriolis meter assembly

10 and meter electronics 20. Meter electronics 20 is connected to meter assembly
10 via leads 100 to provide density, mass flow rate, volume flow rate and totalized
mass flow information over path 26. FIGS. 1-8 depict the structure and operation'

. of a model CMF300 Coriolis mass flowmeter manufactured by Micro Motion, Inc.

of Boulder, Colorado. A certain Coriolis flowmeter structure is described aithough
itis apparent to those skilled in the art that the present invention could be practiced
in conjunction with a vibrating tube densitometer without the additional
measurement capability pro\rided by a Coriolis mass flowmeter. Also, aithough
certain Coriolis flowmeter configurations are shown and described herein, those
skilied in the art of vibrating tube sensors recognize that the present invention is
equally applicable to any vibrating tube flowmeter or densitometer regardless of the
number and shape of the vibrating conduits. In essence, the present invention is
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equally applicable to any vibrating tube flowmeter or densitometer regardiess of the
number and shape of the vibrating conduits. In essence, the present invention is
applicable to any process parameter measurement device that employs a vibrating
conduit. |

Meter assembly 10 includes a pair of flanges 101 and 101", manifolds 102,

1102'; spacer 107 and conduits 103A and 103B. Connected to conduits 103A and

103B are driver 104 and pick-off sensors 105 and 105’. Brace bars 106 and 106"
serve to define the axis W and W' about which each conduit oscillates. |

When flowmeter 10 is inserted into a pipeline system (not shown) which
carries the process material that is being rﬁeasured. material enters meter
assembly 10 through flange 101, passes through manifold 102 where the material
is directed to enter conduits 103A and 1038, flows through conduits 103A and
103B and back into 'manifoid' 102 from where it exits meter assembly 10 through
flange 101°.

Conduits 103A and 103B are selected and appropriately mounted to the
manifold 102 so as to. have substantially the same mass distribution, moments of
inertia and elastic modules about bending axes W-W and W'-W', réspectively. The
conduits extend outwardly from the manifold in an essentially parallel fashion.

Conduits 103A-103B are driven by driver 104 in opposite directions about
their respective bending axes W and W' and atwhat is termed the first out of phase |
bending mode of the flowmeter. Driver 104 may comprise any one of many well

known arrangements, such as a magnet mounted to conduit 103A and an opposing |

coil mounted to conduit 103B and through which an alternating current is passed - |

for vibrating both conduits. A suitable drive signal is applied by meter electronics
20, via lead 110, to driver 104. '

- Meter electronics 20 receives the left and right velocity signals appearing on
leads 111' and 111’, respectively. Meter electronics 20 produces the drive signal
appearing on lead 110 and causing driver 104 to vibrate tubes 103A and 103B.
Meter electronics 20 processes the left and right velocity signals to compute the
mass flow rate and the density of the material passing through meter assembly 10.

This information is applied by meter electronics 20 over path 26 to a utilization

means (not shown).
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It is known to those skilled in the art that Coriolis flowmeter 5 is quite similar.
in structure to a vibrating tube densitometer. Vibrating tube densitometers also.
utilize a vibrating tube through which fluid flows or, in the case of a sample-type
densitometer, within which fluid is held. Vibrating tube densitometers also employ
a drive system for exciting the conduit to vibrate. Vibrating tube densitometers
typically utilize only a single feedback signal since a density measurement requires
only the measurement of frequency and a phase measurement is not necessary.
The descriptions of the present invention herein apply equally to vibrating tube
densitometers.

Mode Shape Coefficients - FIGs. 2-3 .
- FIG. 2 depicts a finite element model of conduits 103A-103B of flowmeter
10 depicted in FIG. 1. For purposes of describing the present invention only the
vibrating portion of the flowmeter need be discussed, thus FIG. 2 depicts only
conduits 103A-103B. The mode! fixes to ground the ends of the flow tubes that, on
a physical flowmeter, connect to the flowmeter manifold. Finite element modeling
techniques are well known to those skilled in the art and do not :for_m part of the
presentinvention. The exemplary finite element model was built using SDRC-ldeas
and analyzed by MSC/NASTRAN, a finite element code available from MacNeal-
Schwendler. Those skilled in the finite element modeling art recognize that any
finite element code could alternatively be used. The locations of the pick-offs were
modeled to produce output representative of the relative motion between the
locations on the flow tube of the magnet and coil corresponding to the right pick-off,
the drive and the left pick-off. These “scalar points™ are a standard technique in
advanced dynamic analysis. See “A Finite Element for the Vibration Analysis of
a Fluid-Conveying Timeshenko Beam.”, (AIAA Paper 93-1552), for more

information on finite element modeling of Coriolis flowmeters. Each scalar point

is marked with a node number N101-N117 on FIG. 2. Nodes N101-N117
facilitate further discussion of mode shapes and their interactions along the length
of conduits 103A 103B. Driver 104 and pick-offs 105-105' are shown in the same .
positions as shown in FIG. 1. Driver 104 and pick-offs 105-105’ are shown in FIG.
2 and later FIGS. as an element on each conduit. This is because drivers and

~ pick-offs are typically comprised of a coil attached to one conduit and a magnet
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attached to a second conduit or to a flowmeter case. The position of driver 104 at
node N‘iOQ is a known and typical driver position for a curved-tube Coriolis meter
driven in a bending mode.

FIG. 3 is a graph of normalized eigenvector coefficients for certain vibration
modes as a function of position along conduits 103A-B. The vertical axis of graph
300is .the normalized eigenvector coefficient. The horizontal axis of graph 300 is
the position along conduits 103A-B as indicated by nodes N101-N117. Graph 300

[includes curve 302 which is comprised of the eigenvector coefficients for the first

out-of-phase bending mode with respect to the positions of nodes N101-N117.
Graph 300 also includes curve 304 which is comprised of the efgenvector
coefficients for the second out-of-phase bending mode with respect to the positions
of nodes N101-N117. The third set of data comprising graph 300 is curve 306

which is comprised of the eigenvector coefficients for the first out-of-phase twisting

- mode with respect to the positions of nodes N101-N117.

FIG. 3 represents a qualitative approach to characterizing the mode shapes
present on a vibrating conduit. The eigenvector coefficients used to generaté
curves 302-306 are generated in one of at least two ways. One approach is to.
build a finite element model of the vibrating structure of interest from which the
eigenvector coefficients for the modes of interest are extracted. Another approach
is to use experimental modal analysis techniques to determine the eigenvector
coefficients from a physical model of a vibrating structure. Finite element modeling
and experimental modal analysis techniques are well-known to those skilled in the

- art of complex mechanics.

Nodes N101 and N117 are near brace bars 106 and 106’, respectively. -
Brace bars 106,106’ connect conduits 103A-B togetherand therefore are alocation
of constraint along the length of conduits 103A-B where very little relative motion
occurs between the conduits. Thus all three curves 302-306 approach zero
amplitude atnodes N101 and N117. Conduits 103A-B are free to oscillate between
nodes N101 and N117. The maximum ampilitude of oscillation at each node N101-
N117 in each mode is indicated by curves 302-306.

FIG. 2 depicts a driver 104 located at node N109.- Node N109 is the center
of conduits 103A-B meaning it is a position that is equidistant from each brace bar

10
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106 and 106'. This represents the typical driver position historically used to drive
a curved-conduit Coriolis flowmeter in the first-out-of phase bending mode. Note
that the first out-of-phase bending mode, as indicated by curve 302, reaches a
maximum at node N1089, the centerpoint of conduits 103A-B. Thus, node N109 is
én efficient positioh at which to excite the first out—of-bhase bending mode. In this
context, “efficient” means that a relatively large conduit movemént resulfs from a
relatively small input force. Node N109 is the most efficient position along conduits
103A-B at which to excite the first out-of-phase bending mode. Note,'however. on
FIG. 3that node N108 is also a position of maximum amplitude for the second out-
of-phase bending mode, as indicated by curve 304. Thus, energy input to conduits
103A-B at node N109 tends to excite both the first and second out-of-phase
bendiﬁg modes. This is an undesirable condition since one typically does not want
to excite the second out-of-phase bending mode. As is well-known to those skilled
in the art of vibrating tube sensors, any mode that is excited by a driver is also
sensed by the pick-offs and certain modes may detrimentally influence a mass flow
or density measurement or the generation of an efficient drive signal.
Driver Placement According to the Présent Invention - FIGS. 4-6B

FIG. 4 depicts conduits 103A-B with a driver 401 located at a position along
conduits 103A-B according to the teaching of the present invention. With reference |
to mode shape coefficient graph 300 of FIG. 3, note that the second out-of-phase
bending mode (curve 304) is near a position of minimum amplitude near node N107
while the first out-of-phase bending mode is still near a maximum amplitude at node
N107. Energy input to conduits 103A-B at or near node N107 tends, therefore, to
excite the first out-of-phase bending mode but not the second out-of-phase bending

-mode. FIG. 4 shows driver 401 located at node N107. Driver 104; when operated
to oscillate conduits 103A-B, excites the first out-of-phase bending mode but does

not excite, or minimally excites, the second out-of-phase bending mode. A
flowmeter according to the present invention and having one driver, therefore, takes
advantage of a knowledge of the various vibration modes present on the vibrating
structure to optimally locate the driver so that only the desired drive mode or modes
are excited.

11
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- The eccentric location of driver 401 gives rise to certain issues. One issue
is that energy is input to the vibrating structure in a non-symmetrical fashion due
to the eccentric driver location. Also, node N107 is near a position of maximum
amplitude of the first out—of-phése twisting mode. Thus, a single driver at node
N107 (or the corresponding node N111) tends to eccentrically excite the first out-of-
phase twist mode which can be manifested as induced phase shift betwgen two
points along conduits 103A-B. Since phase shif_t between points along the conduit |
is the basis for the mass flow rate measurement made by a Coriolis flowmeter, this
can be a problem. _ )

FIG. 5 depicts two drivers 501-502 located at nodes N107 and N111,
respectively. The locations of drivers 501-502, namely nodes N107 and N111, are
selected for the same reasons discussed above with respect to FIG. 4 for the case
of an eccentrically located single driver. In the case of a flowmeter driven to
oscillate in the first out-of-phase bending mode, the force generated by drivers 501-
502 is of equal amplitude and phase. With reference to the mode shape coefficient
graph 300 of FIG. 3, nodes N107 and N111 are near positions of maximum
amplitude for the first out-of-phase bending mode and positions of minimum
amplitude for tﬁe second out-of-phase bending mode. Thus, the first out-of-phase
bending mode is excited and the second out-of-phase bend mode is only minimally
excited. In addition, the first out-of-phase twist mode is not excited because drivers
501-502 drive conduit 103A with equal amplitude and equal phase. Therefore, the
mass flow rate measurement of the Coriolis flowmeter is not affected as is possible
in the embodiment depicted in FIG. 4.

Rather than graphing the eigenvector coefficients as shown in FIG. 3, one
can instead use the eigenvector coefficients in combination with the natural
frequencies and damping of the vibrating structure to generate a FRF for the
vibrating structure. The FRF is used to determine a physical response in inches
per second at one location on the vibratin'g structure to an applied force in pounds
atanotherlocation on the vibrating structure. This provides a quantitative approach
to identifying the optimum driver location. The calculation and manipulation of
frequency response functions is well-known to those skilled in the study of vibrating
structures.

12
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The FRF matrix, which aflows caliculating the response at one point of the
structure to an input at another point of the structure is given in_ Equation 1:

<p> <t>r

P iw

o )2-0?+i2:7 ‘@
n r n

. . ' EQN. 1

H(o):=)
r |

where H(o) is the FRF matrix as a function of frequency in units of response
normalized by a unit excitation. Typical units are inches/second per pound. The
FRF matrix indices correspond to physical locations for the responsé_ and
excitation, i.e., H;is the response at location i to a unit excitation at location j. The
summation index r corresponds to the number of modes desired, which is defined
by the number of columns in the eigenvector matrix ®. Each rowin @ corresponds

to the eigenvector coefficient of a physical location in the structure for which a

response is desired or at which a force is to be applied. The eigehvec'_tor matrix ¢

can be conveniently derived from a finite element analysis or measured
experimentally. Theiw term, where i=v-1 indicates that the response is in terms

- of velocity. The ® term in the numerator and denominator is the frequency of

excitation in radians/second. ®®is the r'th eigenvector (column of the eigenvector
matrix) normalized to unity modal mass. ¢ is the modal damping for the r'th mode
as a fraction of critical damping, and o, is the undamped natural frequency of the
rth mode in radians/second. | '

A physical response, X, to a given force, F, is calculated from Equations 1
and 2. Note that response in this linear system to multiple forces can be
superimposed by adding the individual responses to a single force. |

X(w) = H(o) x F EQN. 2

Equations 1 and 2 are used to calculate the physical velocity of a first point,
for example pick-off 105’ at node N113 in FIGS. 2 and 5, in response to a force
applied at a second point, i.e., the location of the driver(s). For the case of the

conventional drive illustrated in FIG. 2, the force is applied at the centerpoint of
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conduit 103A, node N109. For the case of the dual drives illustrated in FIG. 5, the
force is applied symmetrically at both nodes N107 and N111. A “symmetrically”
applied force is one that is applied at both nodes with equal magnitude and in

-phase wuth one another.

FIGS 6A and 6B zllustrate a comparison of the magmtude and phase of the
physical velocity of pick-off 105’ for the single and dual drive cases. The data of
FIGS. 6A and 6B is generated from the FRF for the modeled CMF300 ﬂowmetér
for both the single and dual drive cases. Graph 601 of FIG. A illustrates the phase
of the conduit velocity with respect to frequency at pick-off 105 (node N113).
Graph 602 of FIG. 6B illustrates the magnitude of the conduit velocity with respect
to frequency at pick-off 105’ (node N113). Curve 603 of graph 601 is the phase of
the conduit velocity at node N113 in the case of a single drive located at node
N109. Curve 604 of graph 601 is the phase of the conduit velocity at node N113
in the case of dual drives at nodes N107 and N111, respectively. Note that the
there is no difference in the phase of the conduit velocity between the two cases

of single, central drive and dual drives. Curve 605 of graph 602 is the magnitude

of the conduit velocity at node N113 in the case of a single drive located at node
N109. Curve 606 of graph 602 is the magnitude of the conduit velocity at node
N113 in the case of dual drives at nodes N107 and N111, respectively. Note that
the response in both cases is the same at the first out-of-phase bending mode at
73 Hz. Note also that the response of the second out—of-pha;e bending mode, at
466 Hz is a factor of about 5 less for the dual drive case as compared to the
conventional, single drive case. This is because the response of the nodes N107
and N111 in the second bending mode is smaller than the response of N109, but
it is not completely zero, as shown in FIG. 3. The response of the second bending

_ _mode couid be reduced even further by moving the location of nodes N107 and

N111 to a point where the eigenvector coefficient for this mode is closer to zero.
in this case that would mean moving the driver at node N107 towards node N106
and the driver at node N111 towards node N112, for example with reference to FIG.
3. Note also'that the total response, the area under curve, for the dual drive case,
curve 606 is about half that of the single drive case, curve"605. The lower total
response in the dual drive case indicates that the intended mode, i.e., the first out-
of-phase bend mode, is more efficiently excited in the dual drive case than in the
single drive case. The frequency response function and the resulting graphs of
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FIG.' 6 illustrate a quantitative approach to understanding the advantéges of the
drive system of the present invention.

_ Additional Drive Power - FIG. 8

A further advantage of dual drives as described above, in particular with -
respect’to drive scheme of FIG. 5, is the ability to deliver more drive power to
conduit 103A. In practice, adriver ona Coriolis mass flowmeter is limited to about
.5 Watt of power for intrinsic safety reasons. Those skilled in the art of industrial
process control are familiar with intrinsic safety requirements. Esééntially, these
requirements are intended to ensure that a process control device, such as a
Coriolis flowmeter, does not expose sufficient energy, either stored or
instantaneously, to an explosive environment such that the environment could be
ignited. Designers of Coriolis flowmeters are accustomed to trading off (in the case
of e!éctromagnetic drivers) drive current, strength of magnetic field and number of
turns of. éoil wire to achieve a suitable driver force. It is sometimes difficult,
however, to deliver force to a driver such that the driver sufficiently oscillates the
conduit for proper operation of the flowmeter. This is particularly true for larger
sized conduits and conduits through which a fluid flows within which is entrained
gas. The system of the present invention is used in these conditions to provide
additional drive power for vibrating a conduit. If a dual drive system is designed
such that the two drivers are each part of electrically isolated drive circuits then

~each driver can supply approximately .5 Watt of drive power to the conduit and still
satisfy the necessary intrinsic safety requirements.

FIG. 8 depicts a dual drive system as depicted in FIG. 5 as well as meter
electronics 20. Meter electronics 20 includes d_rive circuit A 802 and drive circuit B
804. Drive circuits 802-804 are electrically isolated from one another and therefore

_ can be treated as separate circuits for purposes of intrinsic safety calculations.

Drive circuit A 802 is connected to driver 501 over path 806. Drive circuit B 804 is
connected to driver 502 over path 808. Each drive circuit 802-804 provides up to
the maximum power allowable under the relevant intrinsic safety requirements to
its respective driver 501-502. Thus, each driver 501-502 can provide, for example,
R Watt of driving power to conduit 103A.
Exciting Alternate Modes - FIGS. 7A and 7B

Another application of the dual drive system of the present ihvention is for
excitation of alternate modes. As noted above, the first out-of-phase bending mode
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is the most common driven mode for existing Coriolis mass flowmeters. However, |
the invention of the present invention is applicable to any conduit geometry and to
use of any driven mode or modes. The first out-of-phase twist mode, for example,

-may be efficiently excited by the drive system of the present invention.

The drive schemes used to generate the data illustrated in FIG. 6 are
unable to excite the first out-of-phase twisting mode. The modeled CMF300
flowmeter has a first out-of-phase twisting mode at 184 Hz and, as seen in FIG. 6,
neither the single drive nor the dual drive systems generate significant amplitude
at this frequency. The single, central drive scheme cannot excite the twist mode. -
However, the dual driver scheme offers an alternative. The forces at each drive
can be made of equal amplitude but of opposite phase. In other words, the dual
drivers can be 180° out of phase with each other. When the dual drives are out of
phase, the first out-of-phase bending mode is not excited but the first out-of-phase
twist mode is excited.

FIGS. 7A and 7B illustrate the magnitude and phase of the physical velocity
of pick-off 105’ for the dual drive case where the drives are 180° out of phase with
one another. Graph 701 of FIG. 7A illustrates the phase of the conduit velocity with
respect fo frequency at pick-off 105’ (node N113). Graph 702 of FIG. 7B illustrates
the magnitude of the conduit velocity with respect to frequency at pick-off 105
(node N113). Curve 703 of graph 701 is the phase of the conduit velocity at nodé
N113 in the case of dual drives at nodes N107 and N111, respectively, where the
drives have equal amplitude but opposite phase. Curve 704 of graph 702 is the
magnitude of the conduit velocity at node N113 in the case of dual drives at nodes
N107 and N111, respectively, where the drives have equal amplitude but opposite
phase. Note the strong response at 184 Hz, the first out-of-phase twisting mode,
and the lack of a response at the first or second out-of-phase bending modes.
Thus the present invention provides a Coriolis flowmeter fo} driving in the first out-
of-twist mode with drivers located for excitation of the twist mode but not the
bending modes. |
Exemplary Alternate Conduit Geometry - FIGS. 9-10

The teaching of the present invention is not limited to a dual curved-conduit
vibrating sensor. Any number of one or more conduits in any geometry
configuration can benefit from the driver(s) of the present invention. FIGS. 9-10
provide a further example of the teaching of the present invention.
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FIG. 9 depicts a finite element model of a dual-straight-tube Coriolis
flowmeter 900. Nodes S101-S117 areindicated along the length of conduits 902A-
B. Conduits 902A-B are constrained at each end by brace bar 904 and brace bar

- 904'. FIG. 10 illustrates mode shape coefficient graph _1000'f0r flowmeter 900.

For the case where one wants to drive flowmeter 900 in the first out-of-phase
symmetric bending mode, graph 1000 is examined to locate positions where the
first out-of-phase symmetric bending mode is near a maximum amplxtude and the
second out-of-phase symmetric bending mode is near a minimum amplitude.

" Curve 1002 represents the eigenvector coefficients for the first out-of-phase

symmetric bending mode of flowmeter 800. Curve 1004 represents the eigenvector
coefficients for the second out-of-phase asymmetric bending mode of flowmeter
900. Curve 1006 represents the eigenvector coefficients for the first out-of-phase
asymmetric bending mode of flowmeter 800. |
Examination of mode shape coefficient graph 1000 reveals that ro_i:ghly .
midway between node N106 and node N107 the first out-of-phase symmetﬁc
bending mode is near a position of maximum amplitude and the second out-of-
phase symmetric bending mode is near a position of minimum amplitude. The
same is true between nodes N111 and N112. Thus, driver 908 is placed between
nodes N106 and N107 and driver 908’ is placed between nodes N111 and N112,
as shown in FIG. 10. When drivers 908 and 908’ are excited with equal amplitude
and phase then the first out-of-phase symmetric bending mode is excited and the
second out-of-phase symmetric bending mode is not excited oris minirﬁally excited.
FIGS. 9-10 illustrate the breadth of the teaching of the present invention.

Although the physical structures depicted in FIGS. 5 and 9 are quite different, the

corresponding mode shape coefficient graphs of FIGS. 3 and 10 indicating that the

_teaching of the present invention is applicable to both. The structures depicted

herein are merely exemplary of the teaching of the present invention. The present
invention is applicable to any vibrating tube flowmeter or densimeter.
Exciting Mulfiple Modes - FIG. 11

It is sometimes desirable to intentionally excite more than one mode. See
forexample, copending application serial number 08/689,839 filed August 14, 1996,
to assignee Micro Motion, inc., where two modes are excited and changes in the
ratio of the resonant frequencies of the two excited modes are related to fluid
pressure within the vibrating conduit. FIG. 11 depicts a block diagram of a drive
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circuit 1100. Drive circuit 1100 resides, with reference to'FlG. 1 or FIG. 8, within

a meter electronics 20.
Drive circuit 1100 is comprised of Mode A drive circuit 1102, Mode B drive

-.circuit 1104 and sum stage 1106. Mode A drive circuit 110_2 receives a drive

feedback signal over path 1108 and produces a drive signal at the frequency of a
first mode (Mode A) over path 1110. Mode B drive circuit 1104 receives a drive _
feedback signal over path 1108 and produces a drive signal at the frequency of a
second mode (Mode B) over path 1112. The drive signal over path 1110 from
Mode A drive circuit and the drive signal over path 1112 from Mode B drive circuit
are input to sum stage 1106. Sum stage 1106 operates to linearly combine the two
input drive signals to produce the applied drive signal over path 1114. The applied
drive signal over path 1114 is applied to the driver(s) on the vibrating conduit.

Referring now to FIGS. 9-11, assume one wants to excite the flowmeter of
FIG. 9in both the first out-of-phase bending mode (curve 1002) and the first out-of-
phase twisting mode (1006). Mode A drive circuit 1102 is configured to produce a
first drive signal at the frequency of the first out-of-phase bending mode. Modé B
drive circuit 1104 is configured to produce a second drive signal at the frequency
of the first out-of-phase twisting mode. The first and second drive signals are
summed in sum stage 1106 to produce the applied drive signal over path 1114.
The applied drive signal is fed to drivers 908 and 908’ on flowmeter 900.
Examination of FIG. 10 indicates that drivers 908 and 908’ are properly located to
excite the first out-of-phase bending mode and the first out-of-phase twiSting mode.
Drivers 908 and 908’ are located between nodes S106 and S107 and S111 and
$112, respectively. This is a region of, as noted on FIG. 10, maximum amplitude
for both the first out-of-phase twisting mode and the first out-of-phase bending
mode and a region of minimum amplitude of the second oﬁt-of-phase bending
mode. Thus, the multi-mode drive circuit of FIG. 11 excites the first out-of-phase
bending mode and the first out-of-phase twisting mode but not the second out-of-
phase bending mode. '

Those skilled in the art of Coriolis mass flowmeters are familiar with many
different ways for generating drive signals by drive circuits 1102 and 1104. See for
examiple, United States Patent No. 5,009,109 issued April 23, 1991 and assigned
on its face to Micro Motion, Inc. and copending application serial number
08/890,785 filed July 11, 1997, 1o applicant Timothy J. Cunningham, which is

18

SUBSTITUTE SHEET (RULE 26)



WO 99/28708 | PCT/US98/25441_

hereby incorporated by reference to the same extent as though fully disclosed
herein. ' |
_ Although specific embodiments are disclosed herein, it is expected that
_ persons skilled in the art can and will design alternative Coriolis flowmeter drive
5 system;employing driver locations and muitiple drivers that are within the scope -
of the following claims either literally or under the Doctrine of Equivalents.
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What is Claimed is:

1.  An apparatus (5) for measuring characteristics of a material flowing
through said apparatus, said apparatus (5) having at least one conduit (103A-
103B) though which said material flows, driver means (104) for vibrating said at
least one conduit as said material ﬂows through said at least one conduit (103A-
103B), sensors (105-105") affixed to said at least one conduit (103A-103B). for |
generating output signals that represent oscillations of said at least one conduit
(103A-103B) caused by Coriolis forces as said at least one condﬁi_t (103A-103B)
and said material are vibrated by said driver means (104 and for transmitting said
output signals to a signal processor (20), and said signal processor (104) for
generating a measurement of a characteristic of said material responsive to
receiving said output signals from said sensors (105-105"), said being characterized
by:

said driver means (104) being affixed to said at least one conduit (103A-
103B) at a selected location (N109) that causes said driver means (104) to.
substantially maximize amplitude in at least one desired mod-e. |

2. The apparatus (5) of claim 1 further characterized by:
said selected location (N109) also causes said driver means (104) to
substantially minimize amplitude in at least one undesired mode.

3. The apparatus (5) of claim 1 further characterized by:

a drive control circuit (1100) foi' applying a current to said driver means;

a first mode circuitry (1102) in said drive control circuit (1 100) for generating
a first current that causes said drive means (104) to oscillate said at least one

-conduit (103A-103B) at a frequency of a first desired mode; and

a second mode circuitry (1104) in said drive control circuit for generating a
second current that causes said drive means (104) to oscillate said at least one
conduit (103A-103B) at a frequency of a second desired mode.

4. The apparatus (5) of claim 3 further characterized by: -
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summing circuitry (1106) in said drive control circuit (1100) for sum:hing
said first current from sald first mode circuitry (1102) and said second current from
said second mode curcmtry (1104) into a drive current that is apphed to said driver

5 means.

5. The apparatus (5) of claim 4 further characterized by:
feedback circuitry in said first mode circuitry (1102) for receiving a feedback
signal from a first pick—off attached (105) to said at least one conduit (103A-103B);
and
5 generating circuitry in said first mode circuitry (1102) for conditioning said
feedback signal to generate said first current.

6. The apparatus (5) of claim 5 further characterized by:

a frequency filter in said first mode circuitry (1102) for filtering said feedback
signal to produce a frequency-filtered feedback signal having reduced amplitude
beyond a roll-off frequency; and

5 an ampilifier in said first mode circuitry (1102) for amplifying said frequency-
filtered feedback signal to produce said first current.

7. The apparatus (5) of claim 4 further characterized by:
feedback circuitry in said second mode circuitry (1104) for receiving a
feedback signal from a first pick-off attached to said at least one conduit (103A-
103B); and
5 generating circuitry in said second mode circuitry for cohditioning said
feedback signal to generate said second current.

8. The apparatus (5) of claim 7 further characterized by:

a frequency filter in said second mode circuitry (1104) for filtering said
feedback signal to produce a frequency—ﬁltered feedback signal havmg reduced
amplitude beyond a roli-off frequency; and

5 an amplifier in said second mode circuitry (1104) for amplifying said

frequency-filtered feedback signal to produce said second current.
-
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9. The apparatus (5) of c!éim' 1 wherein said driver means (104) is
characterized by; '

a plurality of drivers (501-502) each affixed to a pre-determined location
(N107, N111) that maximizes an amplitude of oscillations of said at ieast'-one
conduit (103A-103B) and said material in at least one desired mode:

'10. The apparatus (5) of claim 9 wherein said at least one desi_red mode
includes a first qut-of-phase bending mode.

11. The apparatus (5) of claim 10 further characterized by said pre-
determined locations also being selected to minimize amplitude for at least one
undesired mode. '

12. The apparatus (5) of claim 10 wherein said at least one undesired
modes includes a second out-of-phase bending mode.

13. The apparatus (5) of claim 10 further characterized by:
a plurality of drive circuits (802,804) each supplying a drive current to one
of said plurality of drivers (501,502).

14. The apparatus (5) of claim 13 wherein said at least one desired modes
include a first out-of-phase twist mode.

15. The apparatus (5) of claim 14 wherein said atleast one undesired modes
include a first out-of-phase bending mode.

16. The apparatus (5) of claim 13 wherein each of said plurality of drive
circuits (802,804) is electrically isolated from one another. | |
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17. The apparatus of claim 13 wherein said plurality of drive circuits (802,
804) apply drive currents having substantially equal amplitudes and phases to said
plurality of drivers (501, 502).

'18. The apparatus (5) of claim 13 wherein at least a portion of said plurality
of drive circuits (802,804) apply drive currents having substantially different
amplitudes and phases to said plurality of drivers (501, 502).

19. A method for affixing a driver system (5) to at least one conduit (103A-
103B) of an apparatus (5) for measuring properties of a material flowing through
said at least on conduit (103A-103B), said method characterized by the steps of:

generating eigenvector coefficents of positions along said at least one
conduit (103A-103B) for at least one desired mode,; - _

selecting a one of said positions (N109) that maximizes the ampilitude of
oscillations of said at least one conduit in said at least one desired mode from said
eigenvector coefficents; and

placing said driver system (104) at said one position (N109).

20. The method of claim 19 further characterized by the steps of:

generating eigenvector coefficents of positions along said at least one
conduit (103A-103B) for at least one undesired mode; and

said step of selecting determining a one of said positions that maximizes the
amplitude of oscillations for at least one desired mode and minimizes oscillations
for at least one undesired modes.

21. The method of claim 19 further characterized by the steps of:
selecting multiple positions that maximize said amplitude in said at leastone
desired mode and minimizes said amplitude in said at least one undesired mode.

22. The method of claim 19 wherein said step of selecting is characterized
by the step of:

applymg said eigenvector coeffiecentstoa g Thls Sheet Has Been R,
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determining maximum values on said graph for said at least one desired
5 mode.

23. The method of claim 19 wherein said step of selecting is characterized
by the steps of: -
generating an FRF; and

determining said location baéed upon said FRF.
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