
;e3e&I")&F  !T#$(6(T")"10 December 2002 Method and Apparatus for a
Sensitivity Enhancing Balance Bar Field of the Invention T his invention
relates to a single tube Coriolis flowrmeter and in particular, to 5 a
method and apparatus for a Coriolis flowmeter having a balance bar that
enhances the sensitivity of the flowmeter to material flow Problem Single
tube Coriolis flowmeters are desirable because they eliminate the 10 15
expense and the plugging problems of flow splitting manifolds of dual tube
Coriolis flowmeters. Single tube Coriolis flowmeters have a disadvantage in
that their flow sensitivity has been louver than that of dual tube Coriolis
flowmeters. The flow sensitivity is lower far two reasons. The first is
that for the same flow rate, a single tube flowmeter must have a larger
diameter flow tube for a given flow rate. This makes it stiffer in bending
and less responsive to Coriolis forces. The second reason has to do with
the details of how the mass flow rate is determined. In traditional dual
tube Coriolis flowmeters, the flow tubes are vibrated out of 20 225 30
phase with each other. The dual flow tubes act as a counterbalance to each
other to create a dynamically balanced structure. Velocity sensors are
located at two locations along the flow tubes to sense the relative-
velocity between the flow tubes. The velocity sensors are usually located
equal distances upstream and downstream from the tubes' midpoints. Each
velocity sensor consists of a magnet fastened to one flow tube and a coil
fastened to the other. The relative motion of the coil through the magnetic
field produces a voltage. The sinusoidal motion of the vibrating flow tubes
produces a sinusoidal voltage in each sensor. When there is no material
flow, the voltages from the two velocity sensors are in phase with each
other. With material flow, the vibrating tubes are distorted by the
Coriolis force of the moving material to cause a phase difference between
the two sensor voltages. The mass flow rate is proportional to this phase
difference. it is important to note that both flow tubes are distorted
equally (for an equal division of flow) and each flow tube has the same
phase shift as the other et corresponding locations. The upstream sensor
magnet velocity has the same phase as the upstream coil velocity and both
have the same phase as the voltage generated by the magnet-coil sensor
pair. The downstream sensor has a different phase than the upstream.     10
December 2002 In single tube flometer, the vibrating flow tube is
couterbalanced by a balance bar rather than another flow tube. Velocity
sensor magnets (or coils) are mounted to the balance bar as though it were
the second flow tube describe above However, since material does not flow
through the balance bar, it does not experience 5 any Coriolis force or
significant phase shift with flow. The velocity sensors sense the relaive
velocity between the phase shifted flow tube and the non-phase shifted
balance bar. The flow tube and balance bar velocities at each velocity
sensor may be represented by velocity vectors having phase angle and
amplitude. The relative velocity (and voltage out of each velocity sensor)
can be determined by adding the two 10 velocity vectors. The flow tube
velocity vector has a phase shift due to material flow. The balance bar
velocity vector has zero phase shift. Adding these vectors gives the net
phase shift with flow of the velocity sensor. The net phase shift and
output voltage of each velocity sensor is reduced by the non-phase shifted
balance bar. This net phase shift reduction equates to a reduction in the
flow sensitivity of the flowmeter. 15 The reductoin in flowmeter
sensitivity due to the zero phase shift of the balances bar combined with
the reduction in sensitivity due to the larger (single) flow tube diameter
results in a combined flowmeter sensitivity so low as to impair the
accuracy and commercial acceptance of single tube flowmeter for some
applications. Solution 2p The above and other problems are solved and an
advance in the art is achieved by the present invention in accordance with
which a method and apparatus for a single tube Coriolis flowmeter is
provided having a balance bar that enhances and amplifies flowmeter
sensitivity to material flow. Both in the present invention as well as in
prior art single tube Coriolis flowrneters, the balance bar is driven out
of 25 phase with respect to the fllow tube in the first bending mode. The
drive frequency is typically the resonant frequency of both the balance bar
and the material filled flow tube In the first banding mode of Each. In
prior art sing; tube Coriolis flovvmeters the balance bar lacks significant
response to the Coriolis forces and Coriolis deflections of the flow tube.
In the present invention sensitivity enhancement is achieved by 



30 designing the balance bar so that it responds to the Coriolis forces on
the flow tube by bending, in its, second bending mode out of phase with
respect to the flow tube deflection caused by the applied Coriolis forces.
2    10 December 2002 With material flow, the vibrating flow tube deflects
in response to the appplied Coriolis forces. The drive vibration of the
flow tube are substantially greater in amplitude than the Coriolis
deflections since they are at the resonant frequency of the material filled
flow tube while the Coriolis deflections are driven at a frequency far from
5 the resonant frequency of the flow tube for the Coriolis deflection mode
shape The Coriolis forces are applied by the flowing material to tile flow
tube at the same frequency as the drive vibrations. The Coriolis force
induced defection of the flow tube, however, is of the same shape as the
second bending mode. The second bending mode resonant frequency of the flow
tube is much higher than the frequency 10 of application of the Coriolis
force (the drive frequency). Thus, because the Coriolis force is applied at
a frequency far removed from the resonant frequency of its mode shape (the
second bending), the Coriolis induced deflections in the flow tube are very
much smaller than the driver induced (first bending mode) deflections. The
small Coriolis deflection in the second bending mode of the flow tube is
what produces the 15 phase delay between the two velocity sensor signals in
response to material flow. Because the deflection is small, the phase delay
is small, and the sensitivity of prior art straight tube meters to material
flow is low The balance bar of the present invention is connected at its
ends to the flew tubs by means of brace bars which transmit the vibrational
forces of the flow tube to 20 the balance bar . In prior art meters the
balance bar, like the flow tube, has its second bending mode resonant
frequency much higher than the first bending or drive mode. Since the
Coriolis deflections of the flow tube are very small and occur at a
frequency far removed from the balance bar second bending resonant
frequency, the forces transmitted to the balance bar by way of the brace
bars result in no significant 25 excitation of the second bending mode of
the balance bar. Thus, while in prior art meters the flew tube has little
response to the Coriolis forces, the balance bar has none. The method and
appratus of the presnt invention involve shifting the frequency order of
the various mode shapes of the balance bar This can be 30 confusing. The
vibration modes are defined accoding to their shapes not their frequency
order. A useful rule is that the mode number is equal to the number of
nodes minus one The first mode has two nodes (at the ends). The second has
three (at the ends and in the center. The thrid bending mode has four
nodes, etc. 3   10 December 2002 In accordance with the method and
apparatus of the present invention the second mode bending frequency of the
balance bar is lowered so that a is close to the first bending mode (drive
frequency) of both the flow tube and the balance bar. The  first bending
(drive) mode which has large vibration a-amplitude in both the flow tube 5
and the balance bar, fails to excite the balance bar in the second bending
mode because of the difference in mode shapes. In the first bending mode
the deflected shape of the balance bar (and flow tube) is such that the
ends have no displacement while the length between the ends has increasing
displacement with the maximum displacement occurring at the enter. In the
second bending mode the ends and 10 center have no displacement t with the
maximum displacements occurring at about the one quarter and three quarter
lenght points. However, the sign of the displacement changes at the center
point so that one-half of the balance bar (or flow tube) has positive
displacement while the other half has negative displacement. The result of
the difference in mode shapes is that while the vibration of the first
bending mode is 15 putting energy into one half of the balance bar in the
second bending mode, it is taking an equal amount of energy out of the
other half of the balance bar. Therefore the net effect is that the second
bending mode is not excited by vibration in the first bending mode even
though the resonant frequencies may be close. The Coriolis deflection of
the flow tube has the same shape as the second. 20 bending mode in that the
displacement of the fllow tube has an opposite sign an either 



side of the flow tube center point. Thus the Coriolis deflection of the
flow tube is able to excite the second bending mode of the balance bar via
the forces transmitted through the brace bars In the present invention the
second bending mode resonant frequency of the balance bar is made close to
the drive frequency. The excitation of 25 the balance bar second bending
mode by the Coriolis deflection of the flow tube becomes sufficient to
cause significant phase delay in the balance bar at the velocity sensor
location This phase delay between the balance bar locations adds to the
phase delay between the corresponding flow tube location and enhances the
sensitivity of the meter to flow. 30 In accordance with a first embodiment
of the invention, the second bending mode resonant frequency of the balance
bar is below the drive frequency of the flow tube and the balance bar. It
is well known that when a mechanical oscillator resonant frequency is below
the exciting frequency the oscillator moves OUt Gf pi i2sS 4   10 December
2002 to the exciting displacement. As a result, the balance bar assumes a
deflection that is out of phase with the Coriolis induced deflection on the
fllow tube. Because the balance bars excitation source for its second
bending mode is the Coriolis deflections of the flow tube, the vibration
amplitude of the balance bars second bending mode  5 deflection increases
as the Coriolis force on the flow tube increases. These out of phase second
bending mode deflections of the flow tube and the balance bar permit a
velocity sensor coupled to the flow tube and balance bar to generate output
signals of increased phase delay (sensitivity) compared to that of prior
art single tube Coriolis fllowmeters. 10 The reduction of the second
bending made frequency of the balance bar below the drive frequency is
achieved by a physical re-design of the balance bar that includes a
redistribution of its mass and stiffness. Mass is removed from the central
portion of the balance bar which tends to raise the drive frequency while
having little impact on the second bending frequency. The mass removal has
little impact on the 15 second bending mode frequency because the second
bending mode has little amplitude near the center. Mass is then added to
the balance bar near the velocity sensor locations which lowers the second
bending mode frequency more than the drive frequency because these are the
locations where the second bending mode amplitude is greatest. 20 Balance
bar stiffness is modified by greatly softening it in the regions of high
bending in the second bending mode. These locations are slightly towards
the center from the velocity sensor locations. Removing stiffness in these
areas greatly reduces the second bending mode frequency while having little
effect on the drive frequency since in the drive mode there is little
bending in these areas. Finally, stiffness in the 25 central section of the
balance bar, between the soft areas, is increased to further raise the
drive frequency while having little effect on the second bending frequency.
These physical modifications of the balance bar can reduce its second
bending mode frequency so that it is Iower than its first bending mode
(drive) frequency. When this is achieved, the Coriolis vibrations of the
flow tube are transmitted from the flow 30 tube through the brace bars to
the ends of the balance car. This induces the Coriolis like deflections in
the balance bar that are out of phase with the Coriolis deflections of the
flow tube. These deflections are referred to as "Coriolis like" in that
they assume a mode shape that is similar to that of a flow tube being
deflected by Coriolis    10 December 2002 force. The flow tube and balance
bar of the present invention thus perform like a dual tube Coriolis
flowmeter wherein each of the flow tubes assumes a Coriolis vibratory
response that is out of phase with respect to the other flow tube. The
result is that the single tube meter of the present invention can have the
flow sensitivity of a dual tube meter. The phase of the balance bar second
bending mode vibration with respect to the phase of the Coriolis deflection
of the flow tube depends upon the relationship of the resonant frequency of
the balance bar second bending mode to the first bending mode (drive)
frequency. The second bending mode frequency can either be less than, 70
equal to, or greater than the first bending mode (drive) frequency. !f the
second bending mode frequency is higher than the drive frequency, the
balance bar second bending mode vibrates in phase with the Coriolis induced
vibration of the flow tube. This tends to reduce sensor phase shift and
flowmeter sensitivity. If the balance bar's second bending mode frequency
is below the drive frequency, as above discussed, 15 the balance bar second
bending mode vibrates out of phase with the flow tube's Coriolis induced
vibration to increase sensor phase shift and flowmeter sensitivity.
Flowmeter sensitivity is reduced when the second bending mode frequency is 



above the first bending mode drive frequency. The reason for this is that
the flow tube's Coriolis vibration and the balance bar's second bending
mode vibration are in . 20 phase. The velocity sensors sense relative
velocity between the flow tube and balance bar which means that in phase
motions tend to negate each other. This howvever, can be a useful
embodiment in certain applications. If the balance bar second bending mode
frequency is sufficiently close to the first bending mode drive frequency,
its amplitude and phase can be made so large so as to overwhelm the flow 25
tube's opposite phase. This configuration can result in a flowmeter having
improved sensitivity. The configuration in which the balance bar second
bending mode frequency is below the drive frequency is, however, preferred
because the phases of the flow tube and balance bar add and also because
the balance bar tends to balance the flow 30 tube in both the drive mode
and the Coriolis/second bending modes. In conventional single tube meters,
the balance bar balances the flow tube shaking forces in the first  bending
mode only. The second bending mode frequency of the balance bar is at a
much higher frequency than the Coriolis mode of the flow tube. Therefore,
the second much higher frequency than the Coriolis mode of the flow tube.
Therefore, the second 6    10 December 2002 bending mode is not excited in
the balance bar. This results in the Coriolis forces being unbalanced and
causing the flowmeter to shake. Meter shaking can shift flowmeter
sensitivity and cause errors. The shaking of the meter is a function of
both flow rate and mounting stiffness. Since the mounting stiffness is not
generally known 5 this sensitivity shift cannot be predicted or
compensated. In the present invention, the balance bar's second vibration
mode is excited by the Coriolis mode of the flowtube. When the second
bending mode is below the drive frequency, the flow tube and the balance
bar vibrate out of phase with each other and the vibrating forces of the
balance bars second bending mode can cancel the shaking 10 effect of the
Coriolis fore en the flow tube. The amplitude of the balance bar's second
mode vibration increases as the Coriolis forces increase. This maintains
the same degree of balance for the flow tube over all flow rates. In
summary, the Coriolis flowmeter of the present invention includes a balance
bar whose physical characteristics permit it to have a second bending mode
frequency 15 that is Iower than and near to its first bending mode (drive)
frequency. This permits the balance bar to respond to the Coriolis
deflections of the flow tube by producing Coriolis like deflections of its
own which are out of phase with the Coriolis deflections of the flow tube.
This out of phase relationship between the Coriolis deflections of the flow
tube and the Coriolis like deflections of the balance bar provide an
increased net 20 phase shift out of each velocity sensor and, in turn, a
sensitivity to flow comparable to that of a. dual tube Coriolis flowmeter.
Furthermore, the balance bar of the present invention balances the Coriolis
forces as well as the first bending mode shaking forces. An aspect of the
invention a method of operating a Coriolis flowmeter having 25 a flow tube
and a balance bar oriented substantially parallel to said flow tube and
further having brace bar means for coupling said balance bar to said flow
tube; said method comprising the steps of: flowing material through said
flow tube; vibrating said fIow tube and balance bar out of phase with
respect to each other 30 in a drive mode having a drive frequency
substantially equal to the resonant frequency of said material filed flow
tube and said balance bar; inducing periodic Coriolis deflections in said
vibrating flow tube having said material flow; 7   10 December 2002 said
periodic Coriolis deflections being characterized by regions of deflection
as well as nodes having no deflection; characterized in that said method
further includes the steps of; inducing Coriolis like deflections in said
balance bar at said drive frequency in 5 response to said Coriolis
deflections of said flow tube; said Coriolis like deflections having the
same number of nodes as said periodic Coriolis deflections; said Coriolis
like deflections define an induced mode of vibration of said balance bar
having a resonant frequency sufficiently close to the frequency of said 10
periodic Coriolis deflections to increase the amplitude of said Coriolis
like deflections 



in said balance bar; said Coriolis like deflections of said balance bar
having an amplitude proportional to the magnitude of periodic Coriolis
forces of said vibrating flow tube with material flow; 15 detecting the
velocity of said flow tube with respect to said velocity of said balance
bar; generating signals representing said velocity of said flow tube and
said velocity of said balance bar; and deriving information regarding said
flowing material in response to said. 20 generation of said signals.
Another aspect is that said Step of inducing said Coriolis like deflections
includes the step of inducing said induced mode vibrations having a
resonant frequency less than said drive frequency. Another aspect is that
said step of inducing said Coriolis like deflections 25 includes the step
of inducing said induced mode vibrations having a resonant frequency
greater than said drive frequency. Another aspect is that said step of
inducing said Coriolis like deflections includes the step of inducing said
induced mode vibrations having a resonant frequency substantially equal to
said drive frequency. 30 Another aspect is that said step of inducing
vibrations in said balance bar includes the step of extending forces
indicative of said periodic Coriolis deflections from said flow tube
through said brace bar to said balance bar to induce said Coriolis like
deflections in said balance bar. 8   10 December 2002 Another aspect is
that said steps of vibrating said balance bar includes the steps of:
flexing ends of said flow tube in response to said periodic Coriolis
deflections to flex a first end of a brace bar means; and 5 flexing a
second end of said brace bar in response to said flexing of said first end
to induce said Coriolis like deflections in said balance bar. Another
aspect is that said step of inducing said Coriolis like deflections in said
vibrating balance bar includes the steps of: inducing said Coriolis like
deflections in said balance bar at a second bending 10 mode having a
resonant frequency substantially equal to said drive frequency; and
operating said balance bar as mechanical amplifier by inducing said
Coriolis like deflections in said balance bar at a second bending mode
resonant frequency of said balance bar at an amplitude greater than the
vibrational amplitude of said Coriolis deflections of said flow tube at
said periodic Coriolis deflection frequency. 15 Another aspect is the step
of transferring the effective spring of said balance bar from said balance
bar to said brace bar means to lower a second bending mode resonant
frequency of said balance bar. Another aspect is the step of lowering the
resonant frequency of said induced vibrations of said balance bar by
lowering the effective spring of said balance bar. 20 Another aspect is the
step of lowering the frequency of said induced vibrations of said balance
bar by the provision of at least one flexible portion of said balance bar
together with the precision of increased mass on at least one other portion
of said balance bar. Another aspect is the step of providing a void in at
!east one portion of said 25 balance bar. 



Another aspect is the step of lowering the resonant frequency of said
induced vibrations of said balance bar by the provision of flexible
portions of said balance bar at locations of high bending moment of said
balance bar in said additional mode. at locations of high bending moment of
said balance bar in said additional mode.  Another aspect is the step of
maintaining the end nodes of said vibrating flow 30 tube and said balance
bar in said brace bar. Another aspect is said step of maintaining comprises
the provision of stiff sections of said balance bar and flexible sections
of said balance bar not comprising sections of said balance bar and
flexible sections of said balance bar not comprising a stiff section. A
10 December 2002 Another aspect is said CorioIis like deflections of said
balance bar are out of phase with the periodic Coriolis deflection of sad
flow tube. Another aspect is said drive mode comprises a first bending mode
and wherein said induced vibration of said balance tar comprise the second
bending mode of 5 said balance bar. Another aspect is the step of lowering
the resonant frequency of said second bending mode of said balance bar by
the prevision of a center portion of said balance bar and a flexible
portion on each side of said center portion of said balance bar together
with the provision of increased mass on each side of said center portion.
10 Another aspect is the step of lowering said resonant frequency of said
second bending mode of said balance bar by the provision of flexible
portions of said balance bar at locations of high bending moment of said
balance bar and Increased mass at locations of high vibrational amplitude
in said second bending mode. Another aspect is said Coriolis like
deflections induced in said balance bar are 15 in phase with the periodic
Coriclis deflections of said flow tuba. Another aspect is a Coriolis
flowmeter having a flow tube adapted to receive a material flow) a balance
bar oriented substantially parallel to said flow tube and a brace bar means
for coupling said balance bar to said flow tube; said Ceriolis flowmeter
further comprising: . 20 drive means for vibrating said f low tube and
balance bar out of phase with respect to each other at a drive mode having
a frequency substantially equal to the resonant frequency of said material
filled flow tube and said balance bar; characterized in that said method
further includes: periodic Coriolis deflections being induced in said
vibrating flow tube having 25 said material flow; said periodic Ceriolis
collections being characterized by regions of deflection as well as nodes
having no deflection means for inducing  Coriolis like deflections !n said
balance bar L"a1 i11 said the same number of nodes as said ' Coriolis life
deflection having the same number of nodes as said periodic Coriolis 30
deflecions; Said Coriolis like deflections define an induced mode of
vibration Ln l C ~ v CI vI~ li~l~ CI Sald balance bar having a resonant
frequency sufficently close to said frequency of said ' 10   10 December
2002 periodic Coriolis deflections to increase the amplitude of said
Coriolis like def!ections In Said balance b2,'; said Corilic 1like
deflections of said balance bar having an amplitude proportional to the
magnitude of periodic Coriolis forces on said vibrating flow tube with
material flow means for detecting the velocity of said flow tube with
respect to said velocity of said balance bar; 



means for generating signals representing said periodic Coriolis
deflections of said flow tube and said Coriolis like deflections of said
balance bar; and 10 means f or deriving material flew information in
response to said generation of said signals. A further aspect is means for
lowering the resonant frequency of said induced mode of vibration of said
balance bar to a value approximate that of said drive frequency. 15 A
further aspect is that said means for lowering comprises 'added mass in
regions of high vibrational amplitude in said Coriolis like deflections and
comprises flexible portions of said balance bar at locations of high
bending moment of said Coriolis like deflections. A further aspect is that
said drive mode comprises a first bending mode and 20 wherein said induced
mode of vibration of said balance bar comprises a second bending mode. A
further aspect is that said means for lowering  further comprises a rigid
center portion and an added mass on each side of said rigid center portion.
A further aspect is that said means for lowering further comprises flexible
25 portions of said balance bar at locations on either side of said rigid
center portion. A further aspect is that said flexible portion comprises
hello;^:s. A further aspect is means for concentrating the effective spring
of said at least one flew tube and said balance bar in said brace tier. A
further aspect is a substantially straight flew tube and a substantially
straight 30 balance bar. A further aspect is a flow tube having a curved
portion and a balance bar having a cured portion   10 December 2002 A
further aspect is that the step or inducing said Coriolis like deflections
in said balancebar include the step of inducing Corolis  like deflections
1n said balance bar with said Coriolis like deflections defining an induced
mode of vibration of said balance bar having a resonant frequency Iovver
than the fequency at which said flow tube is 5 vibrated; said Coriolis like
deflections being out of phase with said Coroilis deflections of said flow
tube and having an amplitude proportional to the magnitude of periodic
Coriolis forces on said vibrating flow tube with material flow A further
aspect is that said means for inducing Coriolis deflection in said 10
balance bar comprises means for inducing Coriolis like deflections in said
balance bar with said Coriolis like deflections defining an induced mode of
vibration of said balance bar having a resonant frequency lower than the
frequency at which said flow tube is vibrated; 15 said Coriolis like
deflections in said balance bar being out of phase with said Coriolis
deflections of said flow tube and having an amplitude proportional to the
magnitude of periodic Coriolis forces en said vibrating flow tube with
material flow. Description.of the Drawings The above and other advantages
of the features of the invention may be better 20 understood from a reading
of the following detailed description thereof taking in conjunction with
the drawings in which; Figure 1 is a vector diagram of a prior art single
tube Coriolis flowmeter. Figure 2 disclosures a rotating flour tube. Figure
3 discloses a vibrating flow tube. 25 Figure 4 discloses the Coriolis
forces applied to the flow tube of Figure 3. Figure 5 discloses the
Coriolis response of the flow tube of Figure3 Figure6 discloses a straight
tube of Coriolis flowmeter Figure7 and 8 disclose the Coriolis vibration;a
characteristic of a single tube Coriolis flowmeter of the present invention



Figure 9 and10 disclose frequency response curves of teh flowmeter of the
present invention. Figure11 and 12 are vector diagrams of teh single tube
coroilis flowmeter of teh present invention  .   12    10 December 2002
Figures 13 dicloses the mode shape and bending moments of the first bending
mode of the balance bar of the present invention, 14 discloses the mode
shape and b=nc'ing moments of the second Fi~,,.~res ~ W .isw. h' bending
mode of of the balance bar of thr present inventiom 5 Flgure 15 discloses
2n embodiment of the present inventiom Figures 1 o and 17 disclose the
vibrational response characteristics of the Coriolis flowmeter of Figure
15, Figure 13 discloses an alternative embodiment of the Ccriolis flow
meter of the present invention. 10 Figures 19, 20 and 21 disclose the
vibrational characteristics of a conceptual straight tube Coriolis
flowmeter. Figures 22, 23 and 24 disclose vibrational characteristics of
one possible straight tube Coriolis flowmeter Of the present invention.
Figure 25 discloses an alternative embodiment of a Coriolis straight tube
15 flowmeter of the present invention. Figure 2o discloses a Coriolis
flowmeter embodying the present invention and having a curved flow tube and
surrounding balance bar. Detailed Description The method and apparatus of
the present invention overcomes the problem of 20 low sensitivity in single
tube flowmeters by the provision of a balance bar that amplifies flowmeter
sensitivity, In order to understand how this is done it is necessary to
under stand the nature of the Coriolis force on the flow tube, the
distortion this produces in the flow tube, and how the distortion results
in phase shift along the flow tube. 25 Figure 1 is later described and is a
vector diagram of the vibrational velocities of the flowmeter of Figure 6.
Figure 2 sows a t:ube 202 througi- which material is flowring as it rotates
counterclockwise about its end 201. The Coro!is force per unit length c.
tube 202 can be dri'red from the equation for Coroilis acceleration and
Newton;s Las 30 Coriolis acceleration cele expressed as: city 1a   10
December 2002 v = fluid velocity Ccrio;iis Force F~ may be expressed as:
Fa= ~~.'~: _ ? :'~1 ~ c.:~ x v ) ~~~ = fluid mass p = fluid density 5 since
fluid f``-1 = pA, Q A , = tuba flow area ~ = tube length 



F~= % p~t.~'( w x v) F = 2 p.~ r ( Cv x . v ) 10 but: 1 ~ ~T = mass flow
rate F s = 2 ~'T z 15 20 The Coriolis force F~ is uniform along the length
of tube 202 because each part of tubs 200 is rotating at the same rate and
the mass flow rata is the same throughout the flow tube. Figure 3 shows a
straight flow tube 300 that is free to pivot about each end 301 and 302 but
is fixed in translation at ends 3G1 and 302. Flow tube 3p0 is vibrated by
driver D in the first bending mode at its resonant frequency like a guitar
string while it. As the flow tube passes through its straight  material
flows through it. As the flog t passes through its straight ro
displacement) position 303 downwards it's Ieft half rotates clockwise while
its right half rotates counterwise The rotations decreases as the tubes
centre is 14    10 December 2002 approached The Center does not rotate but
merely translates The spacial istribution of Coroilis forces on the flow
tubes 3C0 as It passes through zero dislacement 03 is shown on Figure4 The
Coriolis force IS In opposite directions on the two halves because the tube
rotation directions are opposite. The Corolis 5 force diminishes to zero at
the centre because the rotation of the tube diminshes t0 zero at the
center. Another major differences between vibrating tube 300 of Figure 3
and ti .2 rotating tuba c02 of Figure 2 is that vibrating tube 3C0 does not
rotate continuously, but steps and reverses direction. At the vibration
direction reversal, the rotations are 10 zero and the Coriolis force on the
entire flow tube is zero. The result is that the magnitude of the Coriolis
forces of Figure 4 vary sinusoidally with time with the maximum occurring
as the flow tube vibration goes through zero amplitude and maximum velocity
as shownn on Figure 4. Zero Coriolis force occurs on the entire flow tube
as the flew tuba reaches its maximum vibration amplitude and zero velocity
in the 15 first bending (drive) mode. The frequency of the sinusoidal
application of the Coriolis force to the flow tube is the same as the
frequency at which .it is being vibrated; namely) the flow tube's first
bending (drive) mode vibration frequency, Flow tube 300 bends in response
to the periodic Coriolis force as shown in Figure 5 The solid line shows
the shape (greatly exaggerated) the tube takes in 20 response to the
Coriolis force as the tube passes downward through zero displacement in the
drive mode. The dashed line shows the shape the tube takes as it moves
upward through zero displacement in the drive mode. Note that the only
point on the flow tuba that is in fact passing through zero at this instant
is the raid point of the tube. The shape of Figure 5 is similar to the
second bending r^ode shape. 25 However, this is just a coincidence. The
frequency of the second bending mode of the flow tube is much higher than
the frequency at which the Coriolis force of Figure 4 is applied (the
frequency of the first bending mode). Since the flow tuba is being excited
by Coriolis forces at well below its second bending resonant frequency,
this Coriolis Caused deformation of Figure 5 and the Corilis force of
Figure 4 occur in phase with 30 each other., Flow tube 300 therefore 2
assumes the shape of Figure 5 as it crosses zero displacement axis 303 in
its driven vibration (first bending) mode Material flow superimposes the
Coriolis induced vibration of Figure 5 on the driven vibration of Figure 3.
This is shown on Figure 6. Bothe vibrations occur at the first bending mode
15   10 December 2002 drive frequency; but they are phase shifted from each
other by nicety degrees. The Coriolis induced displacement cement maximum
(Solid lines) occurs when the first bending mode IS at zero displacemnt
along axis 303 The Coriolis displacement becomes zero when the first
bending mode is at maximum displacement (dashed lines)  6 IS analogus t0
Figure 4 In That If represents the state of the flow tube !n SO far as
Coriolis deflections are concerned at the time flow tube 3u0 crosses zero
axis 303. At this time, 2nd at this time only, the Coriolis forces and
Coroilis induced deflections are at a maximum amplitude. As already
explained for Figure 4, the Coriolis forces diminish and ultimately become
zero when the deflection of flow tube 300 reaches its 10 maximum in either
an upwards or downward direction. At this time, the velocity of the flow
tuba is zero and so are the applied Coriolis forces and resulatnt Coriolis
deflection. Thus, the sinusoidal Coriolis response shown in Figure a 5
varies sinusoidally in amplitude at the drive frequency as flow tube 300 is
vibrated sinusoidally in its first bending mode between its maximum
positive and negative 15 deflecticn .by the drive signal.. The amplitude of
the Coroilis displacement shown on Figures 5 and 6 is greatly exaggerated
for clarity. The amplitude is in reality much less than the amplitude of
the first bending mode of the tube 300 because the first bending mode is
driven at the resonant frequency of the flow tube and the Coriolis mode is
not. Thus, the Coriolis deformations shown in all the figures are greatly
20 exaggerated. The phase delay associated with material flow prior art
meters is the result of the superposition of the first bending (drive) mode
and the Coriolis deflections or the flow tube in Figure 5 it can be seen
that right velocity sensor SR crosses zero displacement before left
velocity sensor SL. It can be said that the left sensor and its 25 output
voltage lag the phase of the right sensor and its output voltage.
Conversely it can also are said that the right sensor SR leads the phase of
the left sensor SL. The phase difference (or time delay) is proportional to
the amplitude of the Coroilis induced displacement which is, in turn,
proportional to the mass flow rate. 1 The present invention involves
shifting the frequency order the various mode 30 shapes of the balance bar.
The vibration modes are defined according to their shapes, not their
frequency order. The first bending mode will  hereafter be referred t0 a5
that shown in Figure 3 The second mode will be of the shape shown -r in
Figure 5. A useful rule is that the mode number is equal to the number of
nodes 16 



10 December 2002 minus cne The firstt mode has two nodes (at the neds) The
second has three (at the ends and in the center). The third banding mode
has four nodes, etc. In conventional single tube Coriolis flowmeters the
balance bar only vibrates in the first bending mode and lacks any response
to Coriolis forces on the f!owtube. 5 Figure 6 shows a single tube Coriolis
flowmeter 6C0 having a flow tube 601 and a balance bar E02 connected by
brace bar 603 and 604 at the ends of balance bar 602. T he solid lines of
Figure 6 shows flow tube o01 and balance bar 602 as they cross zero
displacement axis 303 in the first bending (drive) mode with material flow.
No Coriolis deflections appear on balance bar 602 on Figure 6. The dashed
lines show 10 the flow tube and balance bar at the outward extent of their
vibration in the first bending (drive) mode. Figure 1 is a vector diagram
disclosing the vibrational velocities generated by the conventional single
straight tube Coriolis flovvmetar as represented in Figure 6. The response
of the flow tube at the right velocity sensor SR is vector 1 C3 which has
15 a .leading phase, ~ tubes, represented by the angle between vector 103
and the real axis 102. The vibrational velocity of the balance bar is not
shifted in phase from axis 102 since the balance bar is not affected by the
generated Coriolis forces on the flow tube. The balance bar vector (106) is
shown along the real axis 102 and is entitled V Eal 5zr The vector sum of
the flow tube and balance bar velocities is 105. Vector 1 G5 20 has a phase
angle ~ ~e, representing the combined vector velocities and phases of the
flow tube and balance bar. Note that the net phase angle out of the right
sensor SR is less than the phase angle for the tube alone. The reduction in
phase angle (and sensitivity) is due to the lack of phase shift of the
balance bar in conventional single tube meters. 25 One embodiment of the
present invention, as shown in Figure l, provides a balance bar whose
second bending mode resonant frequency is slightly below the first bending
mode drive frequency. The Coriolis induced deflection of flow tube 601
excites the second ending mode in the balance oar o02 by way of brace bars
603  and 604. The an-amplitude of the balance bar 602 vibration in its
second bending mode  30 is proportional to the- Coriolis deflection n
amplitude of flow tube o01 and thus is proportional to the material flow
rate The vibration amplitude of balance bar 602 :.n its second bending mode
on Figure 7 is also a functional of the separation between tine first
bending mode(drive) frequency and the balance bar second bending mode 17
10 December 2002  resonant frequency The closer the second bending mode
frequency of the balance bar is to the first be^cing mach (drive)
frequency, the greater will be the vibrational amplitude of the balance bar
in its second bending mode. This relationship is shown ba , g mode. This
relationship is shown , In detail on Figure 9v which is a graph of the
vibrational amplitude Of tile balance bar 5 In its second bending mode with
respect t0 the ratio between the first bending mode (drive) frequency and
the balance bar 602 second bending mode resonant frequency. The x axis 902
indicates the ratio between the first bending mode (drive) frequency and
the second bending mode resonant frequency of the balance bar. T he y axis
901 represents the amplification factor of the Coroilis response of balance
bar E02. As ? 0 can be seen , the Coriolis response induced in balance bar
c02 is at a maximum when the ratio between the drive frequency and the
second bending mode resonant frequency of the balance bar is 1.0. The
Coriolis responce 904 of the balance bar decreases towards zero from its
maximum as the ratio of the two frequencies on Figure 9 become greater than
1.0. The Coriolis response of the balance bar also 15 decreases from its
maximum as the ratio of these two frequencies becomes (ass than one. Figure
9 shows that when the two frequencies are relatively close, the vibrational
amplitude ALA of balance bar in its second bending mode can be much higher
than the Coriolis induced amplitude of flow tube 601. As subsequently
described, the preferred 



embodiment of the present invention operates the Corialis flowmeter
underconditions 20 in which the second bending mode resonant frequency is
slightly lower than the first bending mode (drive) frequency. Under such
conditions the frequency ratio is slightly greater than one. Far another
embodiment, the ratio between the two frequencies may be slightly less than
one. At that time) the Coriolis flowmeter is operated so that it's response
904 on Figure 9 is slightly to the left of abscissa 903 representing a
ratio 25 of 1.0. The phase of the balance bar second bending mode vibration
with respect to the phase of the Coriolis deflection of the flow tube
depends on the relationship of its second bending mode resonant frequency
the first bending mode(drive) frequency as shown in Figure 10. Remember
that is is not the drive mode that excites the second 30 bending in the
balance bar, but rather the Coriolis deflection of the flow tube which
occurs at the drive frequency if the balance bar second bending mode
resonant frequency is higher than the first bending mode (drive) frequency
(ratio less than  1.0) then the balance bar second mode vibrates in phase
with the flow tube Coriolis 18    10 December 2002 vibration as shown on
Figure 8. If the balance bar second mode frequency is below the drive
frequency ratio greater than l.0), then the balance bar second mode
vlbrates cut of of phase with the flow tube Coriolis vibration as shown on
Figure 7. When the balance bar second bending mode is cut of phase with the
fllow tube 5 Coriolis deflection as in Figure 7, the magnet and coil of
left velocity sensor SL both lag the flow tube midpoint while the magnet
and coil of right velocity sensor SR both lead the low tube midpoint. The
signal output of Each sensor no longer has its phase reduced by the zero
phase shirt of the balance bar (Figure 1 ) as in prior art flowmeters.
Furthermore; the vibration amplitude of the balance bar 6C2 second 10
bending mode (and thus the velocity sensor phase shift) can be greatly
increased by designing it so that its resonant frequency is close to the
drive frequency. This results in a large increase in flowmeter sensitivity.
The vector diagram for a Coriolis flowmeter having its balance bar second
bending mode frequency slightly before the first bending mode (drive)
frequency is 15 shown in Figure 11. The x axis 1102 represents the real
velocity component of a vector. The y axis 1101 represents the imaginary
component of a vector. The balance bar velocity vector is 17 03. The fllow
tube velocity vector is 11 C4 and, as can be seen, the phase shift ~ tube
of the flow tube vector 11 C4 is less than the phase shift ~ 5a, ~a; of the
balance bar vector 11 C3. The net signal cut of velocity sensor S R 20 is
the vector sum (phase and amplitude of balance bar vector 1103 and flow
tube vector 1104. Vector 1105 represents the nit output signal of the
velocity sensor SR, and it has a phase difference ~ ~e: with respect to the
X axis. Since the net phase Of sensor SR is greater than the phase of the
flow tube, this geometry is seen to have a greater sensitivity than the
prior art meters of Figure 6 whose vector diagram is 25 shown in Figure 1.
Figure 8 shows a'1 embodiment where the balance bar second bending mode
frequency is slightly above the first bending mode drive frequency. Flow
tube 601 and ove the first bending balance bar 602 are driven out of phase
with each other in the first bending mode, resultng in them being in phase
in the Coriolis-second bending mode. This causes 30 the two parts of each
velocity sensor (the magnet and coil), to cancel each other in phase. In
Figure 8 the component of the right velocity sensor SR on the flow tube has
already crossed zero ( leading pahse ) while the component of SR the
balance C i already crossed zero (leading phase) while the component of SR
on the balance bar has not yet crossed zero (lagging phase). When these two
velocity vectors are added  r 19   10 December 2002 as they are for the
sensor voltage output, the phase lead and lag tend to cancel tY~ d d lag
rend ~o V eGvl other. The same holds true for left sensor S L. The resultis
a reduction in flowmeter other. The same holds true for left sensor SL. The
result is a reduction in flowmeter sensitivity. Figure 12 illustrated the
ector addition for a balance bar having its second 5 bending mode frequency
slightly above the first bending mode drive frequency. The velocity vector
1204 of the right sensor component on the flow tube is offset from the x
axis 1202 by the angle Q ~~~,~. The velocity vector 1203 of the right
sensor component on the balance bar is shown in the fourth quadrant and is
offset from the x axis by the angle ~ tai ~z,. The vector sum of flow tube
vector 1204 and balance bar 10 vector 1203 is vector 1205 and it is offset
from the x axis 1202 by the angle ~ ~8,. As can be seen, the net phase of
vector 1205 is now in the negative fourth quadrant. The 



balance bar negative phase added to the flow tube positive phase was enough
to reduce the phase (and sensitivity) in to the negative regine What this
really means is that positive material flow will result in an indicated
flow in the negative direction. 15 This can be dealt with by changing the
sign on the indicated flow rate, but there is . another reason why having
the balance bar second bending frequency slightly above the drive frequency
is Less than preferred. The configuration of Figure 7 in which the balance
bar second bending mode frequency is below the drive mode frequency is also
preferred to improve flowmeter 20 balance. In this configuration the
Coriolis force on flow tube '601 can be balanced by the second bending mode
response of the balance bar. In conventional single tube Coriolis
flowmeters) the balance bar dynamically balances the inertial forces on the
flow tube in the first bending (drive) mode only. The second bending mode
of in the balance bar is at a much higher frequency than the Coriolis
deformation of the flow 25 tube ('which occurs at the drive frequency).
Therefore, the second bending rnode is not exited in the balance bar Of
prior art singe tube Coroilis fllowmeters This result in the Coriolis
forces being unbalanced as in Figure 6 and flowmeter shaking occurs. The
shaking amplitude, which is a function of both flow rate and mounting
stiffness, can cause a shift In flowmeter sensitivity because of a shift !n
distance between the 3t7 velocity sensors and the vibration end nodes.
Since mounting stiffness is generally not known the sensitivity shift
cannot be predicted or compensated In the Coriolis flowmeter of the present
invention the balance bar second bending mode of the balance bar is excited
by the Coriolis deflection of the flow tube 20   10 December 2002 When the
balance bar second bending mode frequency is below the first bending mode
drive frequency, the two modes vibrate cut of phase with each other and the
inertial vibration forces of the balance bar's second bending ode largely
cancel the shaking effects of the Coriolis force on the flow tube as shown
on Figure 7. Because the balance bar's excitation source for its second
bending mode is the Coriolis deflection of the flow tube, the vibration
amplitude of the balance bar's second bending mode increases as the
Coriolis force on the flow tube increases. This provides the same degree of
dynamic balance over all f?ow rates. Thus far two embodiments have been
discussed: that having the balance bar 10 second bending mode frequency
above the first bending mode (drive) frequency and the preferred embodiment
which has the balance bar second bending mode frequency below the first
bending mode (drive} frequencyThe third d possibility is having the two
frequencies equal. This is possible, and is the most sensitive and best
balanced embodiment. However, it has one major problem. The floe tuba and
balance bar are 15 bath driven in their first bending mode (which is now
equal to the balance bar second bending mode frequency}. The vibration
frequency of the first bending mode changes with the density of the flowing
material because the mass associated with the flow tube changes with the
density of the flowing material. However, the frequency of the balance bar
second bending mode does not change significantly with fluid density 20
because it contains no fluid. This produces a situation in which the two
frequencies (drive and second bending) match for only one material density.
For lighter materials, the balance bar second bending mode frequency is
below the first bending mode (drive) frequency and for heavier materials it
is above the first bending mode (drive) frequency. For light material, the
flow tube and balance bar then vibrate Out of phase 25 in the second
bending-Coriolis mode; for the heavy material they vibrate in phase in the
second bending-Coriolis mode. Futhermore, the flowmeter sensitivity
amplification varies greatly material density the balance bar second
bending mode frequency is in the immediate vicinity of the drive frequency
(Figure 9). This shifting flowmeter sensitivity can be compensated
electronically based on frequency 30 However for high flowmeter stability
the best design has the balance  bar second  bending mode frequency far
enough below the first bending modeh drive mode frequency that at no
anticipated contained fluid density can cause the frequency to 21   10
December 2002 match. The best design also has the frequencies close enough
to excite the balance bar in its second bending mode. Design Details The
preceding description has dealt with the desired relationship of the second
bending mode frequency of the balance bar to the first 5 bending mode drive
frequency. The preferred embodiment has the frequency of the second bending
mode sufficiently below the first bending mode drive frequency so that high
density materials do net cause the two frequencies to cross. Having the
second bending mode frequency below the first bending mode drive frequency
is a unique situation that some would call impossible. The design details
whereby this is 10 accomplished follow The two factors that determine
resonant frequency of a vibrating structure are mass and spring rate. The
equation for resonant frequency is: K l~ Where: 15 k = spring rata M = mass



In order to get the frequency of the second bending mode below the first
bending mode (drive) frequency, changes must be made to the conventional
balance bar that both raise its first bending mode (drive) frequency and
lower its second bending mode 20 frequency. increasing mass and lowering
spring rate (stiffness) both sere to lower frequency. To lower the resonant
frequency of the second bending mod so that is lower than the first bending
mode drive frequency requires that the mass and stiffness of the balance
bar be modified in areas where at they have more significance in one   mode
than the other. Changing the mass in areas of low vibration amplitude has
tittle 25 affect. Likewise changing stiffness, k, in areas of low bending
moment has little effect. Figures 13 and 14 show the mode shapes and
bending moment diagrarns of the first and second bending modes of balance
bar 1301. In order to soften (lower) k in the second bending mode without
softening k in the first bending mode, balance 22    10 December 2002 bar
1301 stiffness can be reduced in these areas where its bending moment is
near zero in the first bending mode and high in the second bending mode
Dashed lines i and ii of Figures 13 and 14 show these two locations to be
1306 and 1308. Lowering the stiffness, k, of balance bar 1301 at locations
13G and 13C3 has little effect on the 5 frequency of the first bending mode
of Figure a 13 since the flow tube Is relatively straight and has a low
bending moment in these locations in the first bending mode. Thus,
louvering the stiffness and locations 13C6 and 1308 does net effect the
first bending mode (drive) frequency. However, as shown en Figure 14,
locations 13C8 and 1308 have a high bending moment for the second bending
mode. Thus, lowering 10 the stiffness or spring rate of the balance bar at
its locations 130o and 1308 lowers the second bending mode frequency. The
first bending mode frequency of balance bar 1301 can be raised by
increasing its stiffness in those areas where it has a high bending moment
in its first bending mode and where the second bending mode has a bending
moment near 15 zero. Line iii of Figure 14 shows this location to be 1307.
An inspection of Figures 13 and 14 indicates that at location 1307,.
balance bar 1301 has a high bending moment in its first bending mode of
Figure 13 and a low bending moment in its second bending mode of Figure 14.
Thus, a balance bar that has an increased stiffness in area 1307 will have
a higher drive frequency while leaving the second bending mode frequency 20
of Figure 14 unaffected. To further lower the second bending mode frequency
with respect to the first bending mode frequency, the mass of balance bar
1301 can be increased in those areas that have high amplitude in the second
binding mode and low amplitude in the first bending mode. This is locations
i and ii on Figures 13-17. Also, decreasing the 28 mass at the line iii
portion of balance bar 1301 on Figures 13-17 raises the drive frequency
without impacting the second binding mode frequency. Since, as can be seen
on Figures 13 and 14 the vibration amplitude for the first bending mode is
high at location 1307 while the vibration amplitudede for the second be;
ding mode is low as shown on Figure 14 Thus, removing some of tie mass from
location 130? of the 30 balance bar raisesthe drive frequency but does not
affect the second bending mode frequency. Figure 15 show an embodiment of
this design. Balance bar 1503 stiffness is reduced by removing materials
from portions 1508 and 1509 en either side of. its center _ c3   10
December 2002 region element 15G6. This raises the drive frequency only
slighly while it lowers the second bending frequency consider ably.. Mass
1504 and 1505 is also added to the balance bar 1503 outside of the reduced
stiffness region 1508 and 1509. This lowers the second bending mode
frequency further. Mass is removed from the central portion 5 1506 of the
balance bar 1503 leaving a void 1507. Figure 16 shows the resulting drive
mode shape and Figure 17 shows the resulting Coriolis-second bending mode
shape for the flowmeter Figure 15. Figure 18 shows another embodiment
offive invention using bellows 1808 and 1809 to reduce the balance bar
stiffness. The embodiment of Figure 18 is similar to 10 that of Figure 15,
16 and 17 in t hat it has a center element 1800 comparable to element 1506
on Figure 15. The Figure 18 embodiment further has a reduced mass area 1807
comparable to element 1507 on Figure 15. It also has added masses 1504 and
1505 comparable to the added masses of Figure 15. Flexible bellows 1808 and
i809 on Figure 18 have reduced stiffness comparable to elements 1508 and
1509 on 15 Figure 15. These characteristics of the embodiment of Figure 18
serve to raise the. drive frequency and lower the frequency of the second
bending mode in the same manner as is the case for the embodiment of Figure
15. These design features described for Figures 15-18 can at best bring the
second bending mode frequency of balance bar 1503 down to the first bending
mode (drive). 20 frequency. This can be illustrated by assuming that the
central section of the balance bar 1503 has no mass and the reduced
stiffness areas of the balance bar have no stiffness. In this most extreme
case, the central section of the balance bar can be completely neglected
and balance bar 1503 behaves like two independent cantilever beams 1511
(Figure 19). The first bending (drive) mode shape teen looks like Figure 25
20 and the Coriolis-second bending mode shape looks like Figure 21. There
is no 



diference in the balance bar shapes between the drive mode and second
bending mode except that in the drive mode of Figure 20) the two balance
bar beam ends 1511 are in phase and in the second bending mode of Figure 21
they are cut of phase with each other. Since the bar ends are not
connected, their phase relationship with  30 each ether makes no difference
to their resonant frequencies. Thus the second bending (out of phase) mode
Figure 21 has a frequency equal to the firs; bending (in phase) mode of
Figure 20. 24    10 December 2002 The final design feature needed to lower
the second bending mode frequency below the drive frequency may be achieved
by altering the spring stiffness of the  balance bar so that it has less
stiffness in the second bending mode than in the first bending mode. The
essence of this design feature is that the balance bar is made extremely
stiff (except for the two reduced stiffness zones 1508 and 1509 if Figure
22) so that cost of the flexing occurs in brace bar 102. The net stiffness
of balance bar 1503 then becomes a function of the vibration amplitude
ratio betweein balance bar 1503 and flow tube 1501. The balance bar is made
stiff In element 1511. This has the effect of removing the effective spring
from balance bar 1503 and 10 concentrating the spring in brace bar 1502 so
that the spring is adjacent to the end nodes. Moving the nodal location can
then have a significant effect on the effective spring rate of the balance
bar. In Figure 22 flow tube 1501 and balance bar 1503 have equal drive mode
vibration amplitudes. Figure 23 shoe's the same balance bar drive mode
vibration 15 amplitude in conjunction with a near zero flow tube vibration
amplitude. In both figures, brace bar 1502 has a stationary node plane 2201
between flow tuba 1501 and balance bar 1503. Stationary node plane 2201 is
a zero vibration plane and vibrates with neither the flow tube nor the
balance bar. In Figure 22, because of the equal vibration amplitudes,
stationary node plane 2201 is located approximately half way 20 between
flow tube 1501 and balance bar 1503. In Figure 23, flow tube 1501 has a
much louver vibration amplitude (and a larger mass) and therefore,
stationary nods plane 2201 in brace bar 1502 is located very near flow tube
1501. As far as the ' dynamics of the system are concerned, stationary node
plane 2201 marks the end of the balance bar 15G3 spring region in each
brace bar 1502. The shorter effective 25 spring of balance bar 1503 of
Figure 22 gives it a higher effective stiffness than the longer effective
spring of balance bar 1503 of Figure 23. With most of the spring function
of balance bar 1503 residing in brace bars 1502, a higher flour
tube/balance bar amplitude ratio resulys than a lower amplitude ratio. Thus
designing the meter so that it has a higher flow 30 tube balance bar
amplitude ratio in the first bending (drive)mode than in the Coriolis-
second bending mode can result in the Coriolis-second banding mode having a
lower resonant frequency that the first bending (drive) mode. This is
explained below 25   10 December 2002 The vibration amplitude ratio in the
drive mode is determined by the mass and stiffnes of the two vibrating
members. If flow tube 1501 and balance bar 1503 have equal resonant
frequencies (and they must fir a dynamically balanced flowmeter) then the
following relationship is true: 5 _Kr _ Kbb ,l.Il ~.f jb Also, the law of
conservation of momentum holds: 10 ~Itvr-Mbb~bb It can be shown from these
two laws that the vibration amplitude ratio is the inverse 15 of the mass
ratio and also that the mass ratio and stiffness ratio must be equal: `1r _
ebb __Kb6 Abb ~Tr ICr 20 Therefore) for balance bar 1503 to have a lower
vibration amplitude than flour tube 



1501, the balance bar needs to have a higher mass and stiffness than the
flow tube, The drive frequency is raised above the Coriolis second bending
mode frequency in the following manner. The vibration amplitude ratio in
the first bending 25 mode between flow tube 1501 and balance bar 1503 is
made high. This is Bona by making balance bar 1503 and its elements 1511
heavy and stiff compared to flow tube 1501. The result is that the
stationary node plane 2201 in brace bar 1502 is close to balance bar 1503.
This makes the spring rata of balance bar 1503 (in the drive mode) high. In
the Coriolis second bending mode, however, the amplitude ratio is reversed.
30 The flow tube Coriolis deflection amplitude is low because it is not
being driven at its resonant frequency by the Coriolis force. The balance
bar amplitude in the second bending mode is high because it is being
excited by the Coriolis deflection of flow tube 1501 at or near its second
bending mode resonant frequency. The flow tube/balance  25    10 December
2002 bar vibration amplitude ratio in the Coriolis second bending mode is
thus low and results in the stationary node planes being close to flow tube
15C1. This makes the balance bar springs relatively long and the balance
bar spring rare low in the Coriolis second bending mode. This lowers the
second bending mode frequency. The 5 Coriolis second bending mode with the
low amplitude ratio is shown in Figure 24. Because the vibration amplitude
ratio IS high In the drive mode and IS low in the Coriolis second bending
mode, the balance bar springs (which reside in brace bar 1502) are stiffen
in the drive mode than in the Coriolis second banding mode. This enables
the second bending mode to actually have a lover frequency than the first
10 bending drive mode. !n summary) there are four design features that
characterize the present invention. First, the stiffness of balance bar
1503 is reduced on both sides of its central region 150o. This lowers the
balance bar second bending resonant frequency, This is done by elements
1508 and 1509 which are flexibly and have a low spring rate. 15 .Second,
the mass of balance bar 1503 is reduced in its central region 150o and
increased immediately outside of the reduced stiffness regions 1508 and
1509. This raises the drive frequency and lowers the balance bar second
bending mode frequency. Third, balance bar 1503 is made stiff in its beam
elements 1511 so that much of the spring of the vibrating structure occurs
in brace bar 1502. This causes 20 the balance bar spring stiffness to
become a f unction of the vibration amplitude ratio between the flow tube
and the balance bar. Fourth, the relative mass and stiffnesses of flow tube
1501 and balance bar 1503 is such that the vibration amplitude ratio (flow
tube/balance bar) is higher in the drive mode than in the Coriolis-second
bending mode. This allows the balance bar second bending mode to have a
resonant 25 frequency slightly less thin the first bending (drive) mode. It
may not be necessary to employ all of these design features to effect the
sensitivity enhancement of a Coriolis flowmeter embodying the present
invention. It is only necessary to employ enough of these features to
reduce the balance bar 1503 second bending mode frequency to be below the
drive frequency. 30 The preceding described embodiments of the invention
have the form of a single straight tube with a parallel balance bar beside
the flow tube. This has barn done only for clarity of the inventive
concepts. The principles and design features of  the invention apply
equally well to a single straight tube Coriolis flowmeter with a  27   10
December 2002 concentric balance bar (Figure 25) as well as to singes
curved tube flowmeters (Figure 26) with concentric balance bars. The
preferred embodiment is the single straight tube with concentric balance
bar of Figure 25. Figure 25 and Figure 26, for clarity, have the balance
bar front half removed so that the flow tube can be seen. Figure 25 5 is
the simplest and most compact embodiment. The sensitivity enhancing balance
bar 2503 increases its senstivity to the point where its accuracy can rival
curved tube Coriolis flowmeters. The embodiment of Figure 25 is similar to
that of Figures 22-24 except that the balance bar 2503 is concentric with
and surrounds flow tube 2501. Balance bar 2503 



10 is connected at its ends by brace bars 2502 to flow tube 2501. The
center portion of the balance bar 2503 is light weight due to void 2507.
Sections 25C8 and 2509 are of reduced stiffness. Balance bar 2503 also has
added mass elements 2504 and 2505 corresponding to elements 1504 and 1505
on Figures 22-24. This design of the embodiment of Figure 25 permits the
second bending mode frequency of balance bar 15 2503 to be slightly lower
than the first bending mode (drive) frequency and provides the same
advantages formerly described for the embodiment of Figures 22-24. , Figure
26 discloses embodiment which is similar in most respects to that of Figure
25 except that flow tube 2601 and its surrounding concentric balance bar
2603 are not straight but instead, are curved upwards from horizontal at
portions 2615 and 20 2616 from which they extend upward until they make the
transition from vertical to a horizontal at areas 2617 and 2618. The center
portion 2006 of brace bar 2a03 has a low mass area 2607 comprising a void
and elongated elements is 260a and 2609 which additionally have a low
spring rate. Elements 2604 and 2605 provide additional mass in the same
manner as do elements 2504 and 2505 of the embodiment of 25 Figure 25 and
in the same manner as do elements 150=1 and 7 a05 in the embodiment of
Figure 22-24. On Figure 25, meter electronics element 2420 applies drives
signals via path 2423 to driver D which cooperates with an adjacent magnet
M to vibrate the flow tube 2501 and balance bar 2503 out of phase with each
other at a resonant drive  30 frequency. With material flow in the
vibrating flow tube, Coriolis forces are applied to the flay tube to
deflect its left-hand portion out of phase with respect to its right-hand
portion as is well known in art. Those Coriolis deflections are detected by
left sensor SL and right sensor SR. Signals representing the Coriolis
deflections are applied over 28   10 December 2002 paths 2421 and 2422 to
meter electronics 2420 which processes the signals in the conventional
manner to generate output information pertaining to the flowing material.
This information is applied to path 2424 and may include material density,
material flow rate etc. On Figure 25, driver D, lest sensor SL and right
sensor SR each 5 comprise the coil/magnet pair with the magnets being
designated M and attached to the flow tube proximate the coil SL, D, and SR
of each coil/magnet pair. The embodiment of Figure 26 is similarly
associated with an electronics element (not shown) comparable to meter
electronics 2420. The embodiment of  Figure 26 similarly has a driver D, a
left sensor SL and a right sensor SR (all not 10 shown) in the view of
Figure 26 since the f low tube vibrates in a plane transverse to the
presentation of Figure 26. In this view, only the left magnet M associated
with sensor SL (not shown) and the center magnet M associated with driver D
(not shown) arid the right-h and magnet M associated with sensor SR (not
shown) may be seen on Figure 26. 15 It is to be expressly understood that
the claimed invention is not to be limited to the description of the
preferred embodiment but encompasses other modifications and alterations
within the scope and spirit of the inventive concept. 29   10 December 2002
CLAIMS: 1. A method of operating a Coriolis flowmeter having a flow tube
(2501) and a balance bar (2503) oriented substantially parallel to said
flow tube and further having brace bar means 05021 for coupling said
balance bar to said flow tube; said method comprising the steps of: 5
flowing material through said flow tube; vibrating said flow tube and
balance bar cut of phase with respect to each other in a drive mode having
a drive frequency substantially equal to the rSOnant f frequency of said
material filled flour tube and said balance bar; inducing periodic Coriolis
deflections in said vibrating flow tuba having 10 said material flow; said
periodic Coriolis deflections being characterized by regions of deflection
as well as nodes having no deflection; characterized in that said method
further includes the steps of: inducing Coriolis like deflections in said
balance bar at said drive 



15 frequency in response to said Coriolis deflections of Said flow tube;
said Coriolis like deflections having the same number of nodes as said
periodic Coriolis deflections; said Coriolis like deflections define an
induced mode of vibration of said balance bar having a resonant frequency
sufficiently close to the frequency of said 20 periodic Coriolis
deflections to increase the amplitude of said Coriolis like deflections in
said balance bar; said Coriolis like deflections of said balance bar having
an amplitude proportional to the magnitude of periodic Coriolis forces of
said vibrating flow tube with material flow 25 detecting the velocity of
said flow tube with respect to said velocity of said balance bar;
generating signals (SL, SR) representing a' said velocity of said flow tube
and said velocity of said balance bar; and deriing information (220)
regarding said flowing material in response 30 to said generation of said
signals. 30   10 December 2002 2. The method of claim 1 wherein said step
of inducing said Coriolis like deflection includes the steps of inducing
said induced mode vibration having a resonant frequency less then said
drive frequency. 3. The method of claim 1 wherein said step of inducing
said Coriolis like deflections includes the step of inducing said induced
mode vibrations having a resonant frequency greater than said drive
frequency. The method of claim 1 wherein said step of inducing said
Coriolis like deflections includes the step of inducing said induced mode
vibrations having a resonant frequency substantially equal to said drive
frequency. 5. The method of claim 1 wherein said step of inducing
vibrations in said balance bar (2503) includes the step of extending forces
indicative of said periodic Coriolis deflections from said flew tube
through said brace bar to said balance bar to induce said Coriolis like
deflections in said balance bar. 6. The method of claim 1 wherein said
steps of vibrating said balance bar (2503) includes the steps of: flexing
ends of said flow tube in response to said periodic Coriolis deflections to
flex a first end of a brace bar mans (2502); and 5 flexing a second end of
said brace bar in response to said flexing of said first end to induce said
Coriolis like deflections in said balance bar. 7. The method of claim 1
wherein said step of inducing said Coriolis like deflections in said
vibrating balance bar (2503) includes the steps of: inducing said Coriolis
like deflections in said balance bar (?503) at a second bending mode having
a resonant frequency substantially equal to said drive 5 frequency; and
operating said balance bar as mechanical amplifier by inducing said
Coriolis like deflections in said balance bar at a second bending mode
resonant frequency of said balance bar at an amplitude greater than the
vibrational amplitude v 31   10 December 2002 of said Coriolis deflections
of said flow tube at said periodic Coriolis deflection 10 frequency. 8. The
method of claim 1 further comprising the step of transferring the 



effective spring of said balance bar (2503) from said balance bar to said
brace bar means (2502) to lower a second bending mode resonant frequency of
said balance bar. 9. The method of claim 1 further comprising the step of
lowering the resonant frequency of said induced vibrations of said balance
bar by lowering the effective spring of said balance bar. 10. The method of
claim 9 further comprising the step of lowering the frequency of said
induced vibrations of said balance bar (2503) by the provision of at least
one. flexible portion of said balance bar together with the provision of
increased mass (2504) on at least one other portion of said balance bar.
11. T he method of claim 10 further comprising the step of pr cviding a
void (2507) in at (east one portion of said balance bar. 12. The method of
claim 1 wherein said method comprises the step of lowering the resonant
frequency of said ind:.~ced vibrations of said balance bar by the provision
of flexible portions (2508, 2509) of said balance bar at locations of high
bending moment of said balance bar in said additional mode. 13. Th2 method
of claim 1 fu:-ther ccmprising the step cf r; ~ain;aining the end nodes of
said vibrating flcv~ tube (2501 ) and said balance bar (2803) in said brace
bar (2502). 14. The method ef claim 13 v.~her.=in said step cf n;aintaining
comprises the provision of stff sections (251 1, 2500) of said balance bar
(28v3) and f!ex.ble sacticns (25t^.3, 2509) of said balance bar not
ccr~~p.ising a stilt section. Vv   10 December 2002 15. T he method of
claim 1wherein said Corliolis like deflecticns of said balance car are out
of phase with the periodic Coriolis deflections of said flow tube. 16. The
method of clam 1 wherein said drive mode comprises a first bending mode and
wherein said induced vibrations of said balance bar comprise the second
bending mode of said balance bar. 17. The method of claim 1 o fur they
comprising the step of lowering the resonant frequency of said second
bending mode of said balance bar by the provision of a center portion
(250o) of said balance bar and a flexible portion (2508) 2a09) on each side
of said center portion of said balance bar together with the provision of 5
increased mass on each side of said center portion. 18. The method of claim
16 further including the said step of lowering said resonant frequency of
said second bending mode of said balance bar (2503) by the provision of
flexible portions (2508, 25.09) cf said balance bar at locations ~ cf high
bending moment of said balance bar and increased mass (2504, 2500 at
locations 5 of high vibrational amplitude in said second bending mode. 19.
The method of claim 1 4vherein said Coriolis like deflections induced in
said balance bar are in phase with the periodic Co.iolis deflections of
said flow tube. 20. A Coriclis flo4vme;er having a f lo~.v tube (2501 )
adapted to receive a material flour, a balance bar (2503) oriented
substantially parallel to said flow tube and a brace bar (2502) means
forceupling said balance barto said flow tube; said Coriolis flo4vmeter
further comprising: 5 drive means (D) for vibrating said flow tube and
balance bar cut of phase with respect to each other at a drive mode raving
a frequency substantially equal to the resonant frequency of said materiel
filled flow tuba 2nd said balance bar ; characterized in that said method
further includes: periodic Coriolis deflections being Induced In said
vibrating flow tube 10 having said material flow 33   10 December 2002 said
periodic Coriolis deflections being charaterized by regions of 



deflection as well as nodes having no deflection; means (2021 for inducing
Coriolis like deflections in said bale,^,ce bar with said Coriolis life
deflections having the same number of nodes as said periodic 15 Coriolis
deflections; said Corielis like deflections define an induced mode of
vibration of said balance bar having a resonant frequency soft sufficiently
close to said frequency of said periodic Coriolis deflections to increase
the amplitude of said Coriolis Pike deflections in said balance bar; 20
said Coriolis like deflections of said balance bar having an amplitude
proportional to the magnitude of periodic Coriolis forces on said vibrating
flow tuba with material flow; means (SL, SR) for detecting the velocity of
said floor tube with respect to said velocity of said balance bar; 25 means
(SL, SR) forgenerating signals representing said periodic Coriolis
deflections of said flovvtube and said Coriolis like deflections of said
balance bar; and means (2420) for deriving material flow information in
response to said generation of said signals. 21. The Coriolis flowmetar of
claim 20 wherein said means (D) for vibrating said balance bar induces said
Coriolis like deflections in said balance bar with said induced mode of
vibration having a resonant frequency less than said drive frequency. 22.
The Coriolis flowmeter of claim 20 :^rherein said means (D) for vibrating
said balance bar induces s id Coriolis like deflections in said balance bar
with said induced mode of vibrations having a resonant frequency greater
than said drive frequency. 23. The Coriolis flowmeter of claim 20 wherein
said means (D) for vibrating said balance bar induces said Coriolis like
deflections in said balance bar with said induced mode of vibration haring
a resonant frequency substantially equal to said drive frequency. 34   10
December 2002 24. T he Coriolis flowmeter of claim 20 wherein said means
(D)for vibrating said balance bar extends forces indicative of said
periodic Coriolis deflections from Said at least one 110'.'J tube through
said hr ace bar means S t0 said balance bar i0 Induce said Coriolis like
deflections in said balance bar, 25. The Coriolis flowmeter of claim 20
wherein said means (D) for inducing said Coriolis like deflections in said
balance bar flexes ends of said flowtube in response to said periodic
Coriolis deflections to flex a first end of said brace bar; and flexes a
second end of said brace barin response to said flexing of said 5 first end
to induce said Coriolis like deflections in said balance bar. 26. The
Coriolis flowmeter ef claim 20 further comprising means (2508, 2509, 2507)
for lowering the resonant frequency of said induced mode of vibration of
said balance bar to a value approximate that of staid drive frequency. 27.
The Coriolis flowrneter of claim 20 wherein said means for lowering
comprises added mass (2504, 2505) in regions of high vibrational amplitude
in said Coriolis like deflections and comprises flexible portions (2505,
2508) of said balance bar at locations of high bending moment of said
Coriolis like deflections. 28. The Coriolis flowmeter of claim 25 wherein
said drive mode comprises a first bending mode and wherein said induced
mode of vibration of said balance bar comprises a second bending mode. 29.
The Coriolis flowmeter of claim 28 wherein said means for lowering further
comprises a rigid censer portion (2506) and an add.-vd mass (28G, 208) en 



each side of said rigid center portion. 30. The Coriolis flowmeter of claim
29  wherein said means for lowering further comprises flXible portions
(25L3, G~n~) of Said balance bar at locations on either side of said rigid
center portion, ,. _   l0 December 2002 31. The Coriolis flowmeter of claim
30 further including wherein Said means for lowering further comprises a
void (2607) ;n said center portion for raising said drive frequency. 32.
The Coriolis flowmeter of claim 29 wherein said flexible portion comprises
bellows (1808, 130a). 33. The Coriolis flowmeter of claim 27 father
comprising means (2508, 2509) for reducing the effective spring of said
balance bar to reduce the frequency of said induced mode of vibration of
said balance bar. 34. The Coriolis flowmeter of claim 20 further comprising
means (2508 2509, 2504, 2505, 2507) for concentrating the effective spring
of said at least one flow tube and said balance bar in said brace bar. 35.
The Coriolis flowmeter of claim 34 wherein said means for concentrating
comprises stiff members (2511, 2506) on said balance bar and flexible
members (2508, 2509) on each portion of said balance bar not comprising a
stiff member. 36. The Coriolis flowmeter of claim 20 further comprising
means (2508, 25D9, 2504, 2505, 2507) for maintaining the end node of at
least one flow tube and balance bar in said brace bar. 37. The Coriolis
f!ovvmeter of claim 20 comprising a substantially straight flow tube (2501
) and a substantially straight balance bar (2503). 38. The Coriolis
flowmeter meter of claim 20 comprising a flow tuba (2601 ) having a curved
portion (2o15) and a balance bar (2c03) haying a curved portion (261 1 ).
39. The Coriolis flowmeter of claim 20 wherein said induced mode of
vibrations comprises the second bending mode of said balance bar. "6 0   10
December 2002 40. The method of claim 1 wherein the step of inducing said
Coriolis like deflections in said balance bar includes the step of inducing
sale Corioiis like deflections to induce said induced mode of vibrations
having a resonant frequency proximate said drive frequency. 41. The method
of claim 1 wherein the step of inducing said Coriolis like deflections in
said balance bar includes the step of inducing Coriolis like deflections in
said balance bar with said Coriolis like deflections defining an induced
mode of vibration of said balance bar having a resonant frequency lower
than the frequency 5 at which said flow tube is vibrated; said Coriolis
like deflections being out of phase with said Coriolis deflections of said
flow tube and having an amplitude proportional to the magnitude of periodic
Coriolis forces on said vibrating flow tube with material flow. 42. The
Coriolis flowmeter of claim 20 wherein said means for inducing Coriolis
deflection in said balance bar comprises: means (2502) for inducing
Coriolis like deflections in said balance bar with said Coriolis like
defections defining an induced mode of vibration of said balance 5 bar
having a resonant frequency Iower than the frequency at which said flow
tube is vibrated; said Coriolis like deflections in said balance bar being
out of phase with said Coriolis deflections of said flow tube and having an
amplitude proportional to the magnitude of periodic Coriolis forces on said
vibe acing flour tube with material flow. 
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