
WO 96/29574
PCT/US96/03280                             CORIOUS EFFECT MASS FLOWMETER
USING CONCENTRIC ROTORS                                      FIELD OF THE
INVENTION               This invention relates to a Coriolis effect mass
flowmeter and more particularly to        a Coriolis effect flowmeter using
concentric rotors as phase measuring elements.
PROBLEM              It is known to use Coriolis effect vibrating tube mass
flowmeters to measure mass  5    flow and other information for materials
flowing through a conduit. Such flowmeters        are disclosed in U.S.
Pat. Nos. 4,109,524 of August 29, 1978, 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 flow tubes of straight or curved configuration. Each flow
tube        configuration has a set of natural vibration modes, which may
be of a simple bending, 10    torsional or coupled type. Each flow tube is
driven to oscillate about a pivot point 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 flow tube         or tubes, and exits the outlet side of the flowmeter.
The natural vibration modes of the vibrating, fluid filled system are
defined in part 15    by the combined mass of the flow tubes and the
material flowing within the flow tubes.         When there is no material
flow through the flowmeter, all points along the flow tubes
oscillate with identical phase due to an applied driver force. As material
begins to flow,         Conolis accelerations cause each point along the
flow tube to have a different phase.         The phase on the inlet side of
the flow tube lags the driver, while the phase on the 20    outlet side
leads the driver. Sensors are placed on the flow tubes to produce
sinusoidal output signals representative of the motion of the low tubes.
The phase         difference between two sensor signals is proportional to
the mass flow rate of material         through the flow tubes.
A complicating factor in this measurement is that the density of typical
process 25    fluids varies. This causes the frequencies of the natural
modes to vary. Since the         flowmeter's control system maintains
resonance, the oscillation frequency varies in         response to changes
in density. Mass flow rate in this situation is proportional to the  
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PCT/US96/03280         ratio of phase difference and oscillation frequency.
The above-mentioned U.S. Patent        No. Re. 31,450 to Smith discloses a
Coriolis flowmeter that avoids the need for        measuring both phase
difference and oscillation frequency. The quotient of phase        delay
and oscillation frequency is determined by measuring the time delay between
5    level crossings of the two sinusoidal output signals of the flowmeter.
When this        method is used, the variations in the oscillation
frequency cancel, and mass flow rate        is proportional to the measured
time delay. This measurement method is hereinafter        referred to as a
time delay or [err]t measurement.             Information regarding the
characteristics of material flowing in a Coriolis mass 10    flowmeter must
be derived with great accuracy since it is often a requirement that the
derived flow rate information have an accuracy of at least 0.15% of
reading. These         flowmeter output signals are sinusoidal and are
displaced in time or phase by an 



amount determined by the Coriolis forces generated by the meter through
which the         material flows. The signal processing circuitry which
receives these sensor output 15    signals measures this time difference
with precision and generates the desired        characteristics of the
flowing process material to the required accuracy of at least        0.15%
of reading.             The operation of a vibrating tube Coriolis effect
mass flowmeter is based on the         Coriolis forces generated when a
fluid conducting member, such as a pipe or tube, 20    is rotated about an
axis perpendicular to the tube axis. Coriolis flow tubes are
generally not rotated continuously in the same direction because a rotary
seal would         be required and the seal drag would introduce errors
into the Coriolis force         measurement Instead the flow tubes are
vibrated so that they rotate about a pivot         point a short distance
in one direction followed by a corresponding movement in the 25    reverse
direction. The Coriolis force is not measured directly, but rather by
measuring         the resulting deformation of the flow tubes.
A fundamental problem of the vibrating flow tube design is that the fluid
containing member, the flow tube, is also the sensing member that deforms
in         response to the generated Coriolis force. These dual functions
have conflicting 30    criteria. The fluid containment function requires
that the flow tube be stiff and strong         enough to withstand the
fluid pressure. The Coriolis force sensing function requires         that
the flow tube be thin, flexible and deform significantly in response to the
Coriolis  
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PCT/US96/03280         forces. Meters designed for small diameter pipelines
can meet both criteria by making        the flow tube wall thick enough to
withstand the fluid pressure and making the flow        tubes long enough
so as to be flexible despite their thick walls. This design approach
does not work on flowmeters suitable for use with large pipelines because
the  5    necessary flow tube length would make the flowmeters large and
prohibitively        expensive.             Another problem with the dual
function of the flow tubes is that the fluid pressure        tends to
stiffen the tube. A stiffer tube is less sensitive to Coriolis force. Thus,
the        sensitivity of the meter is lowered by increased fluid
pressures. l0        It is known to use rotary mass meters to solve the
problems of the vibrating        Coriolis flow tube meters. The two basic
types of rotary mass meters are angular 



momentum meters and rotary Coriolis meters. They differ in that the angular
momentum type changes angular fluid velocity at constant radial position
within the        meter flow channel while the rotary Coriolis type changes
fluid radial position within the 15   flow channel at constant angular
velocity. Both types solve the above problems of        vibrating tube
meters by separating the functions of fluid containment and flow sensing
into two separate elements.             Angular momentum flowmeters often
consist of two impellers with different blade        angles. The impellers
are positioned within a pipe with one impeller upstream of the 20    other.
The impellers are coupled by a torsional spring which allows an angular
displacement between them. This angular displacement represents a phase
difference        that is proportional to the change in angular momentum of
the fluid and it can be used        to determine mass flow rate.
Angular momentum mass flowmeters are shown in the following documents: 25
U.S. Patent 2943487             U.S. Patent 3232110             U.S. Patent
3877304             U.S. Patent 3958447             U.S. Patent 4012957 30
U.S. Patent 4438648              British Patent 1069466
European Patent 0485684B1 



PCT document WO 94/21990              A Survey of Mass Flowmeter by M.P.
Wilson, Jr., pp. 63-68. 35        Instrumentation Technology, September
1971                                                   3         impeller
14 relative to impeller 12. This force produces a signal in transfor e 16
that is directly proportional to this displacement which, in turn, is
directly proportional to the mass flow rate of the fluid.        U.S.
Patent 2,832,218 discloses a rotary flowmeter in which a case 10 encloses a
pair of concentric impellers 50 and 70 which are driven by a motor 20. In
response to fluid flow, the fluid is directed against vanes 72 of the
secondary impeller 70. A dynamo transformer 100 measures the displacement
of the secondary impeller 72 and 



generates an output signal proportional to the impeller displacement and
the resulting material mass flow rate.        U.S. Patent 3,350,936
discloses a rotary Coriolis flowmeter having a first rotable member 1, a
second rotable member 7, both positioned centered about an axis of a fluid
flow. The rotable members are driven by a motor 53 and the angular
displacement of the first rotable member with respect to the second rotable
member due to Coriolis forces is measured by a sensing element 9 which
generates an output signal proportional to the displacement and, in turn,
to the mass flow rate of the flowing fluid.        Patent DE1235608
discloses apparatus having two impeller wheels 22 and 32 which face each
other with the angular displacement between them being indicative of the
mass flow rate. The rotating assembly is driven by motor 96 with the two
rotating assemblies being coaxial with one another and centered about the
axis of fluid flow.        Patent EP0537765 discloses a measuring wheel
driven by a motor and rotating in a housing having a torque measuring means
for determining changes of a driving torque caused by the driving motor
with the changes occurring during the flow of material through the
measuring wheel to derive a value for determining the mass throughput.
SOLUTION TO THE PROBLEM  The present invention solves the problems of
rotary Coriolis flowmeters by the provision  of a phase measuring rotor
system having an outer rotor, an inner 30 (Coriolis) coaxial  rotor and a
flexible torsion bar axle connecting the two rotors. The mass flow rate
through the flowmeter is determined by measuring the rotational
displacement between 



the outer rotor and the Coriolis rotor. Both rotors fit concentrically
within a sealed  containment housing having a fluid inlet and a fluid
4/1     5010/028PCT       impeller 14 relative to impeller 12. This force
produces a signal in transformer 16      that is directly proportional to
this displacement which, in turn, is directly      proportional to the mass
flow rate of the fluid.           U.S. Patent 2,832,218 discloses a rotary
flowmeter in which a case 10  5  encloses a pair of concentric impellers 72
and 70 which are driven by a motor 20.      In response to fluid flow, the
fluid is directed against vanes 72 of the secondary      impeller 70. A
dynamo transformer 100 measures the displacement of the      secondary
impeller 72 and generates an output signal proportional to the impeller
displacement and the resulting material mass flow rate. 10      U.S. Patent
3,350,936 discloses a rotary Coriolis flowmeter having a first      rotable
member 1, a second rotable member 7, both positioned centered about an
axis of a fluid flow. The rotable members are driven by a motor 53 and the
angular 



displacement of the first rotable member with respect to the second rotable
member      due to Coriolis forces is measured by a sensing element 9 which
generates an 15  output signal proportional to the displacement and, in
turn, to the mass flow rate of      the flowing fluid.           Patent
DE1235608 discloses apparatus having two impeller wheels 22 and      32
which face each other with the angular displacement between them being
indicative of the mass flow rate. The rotating assembly is driven by motor
96 with 20 the two rotating assemblies being coaxial with one another and
centered about the      axis of fluid flow.           Patent EP0537765
discloses a measuring wheel driven by a motor and      rotating in a
housing having a torque measuring means for determining changes      of a
driving torque caused by the driving motor with the changes occurring
during 25  the flow of material through the measuring wheel to derive a
value for determining      the mass throughput.
SOLUTION TO THE PROBLEM           The present invention solves the problems
of rotary Coriolis flowmeters by the      provision of a phase measuring
rotor system having an outer rotor, an inner 30  (Coriolis) coaxial rotor
and a flexible torsion bar axle connecting the two rotors.      The mass
flow rate through the flowmeter is determined by measuring the rotational
displacement between the outer rotor and the Coriolis rotor. Both rotors
fit      concentrically within a sealed containment housing having a fluid
inlet and a fluid 



5010/028PCT       outlet. The outer rotor has a hollowed out recess into
which the Coriolis rotor pits.      A cover is fastened onto one side of
the outer rotor to enclose the Coriolis rotor.      The fluid flowing
through aligned holes spins the rotors and imparts a torque to the
rotors that is proportional to the fluid mass flow rate. This torque
applies equally  5 to both the outer and Coriolis rotors.
WO 96/29574
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The outer rotor also experiences the viscous, bearing, and seal drag
torques plus the        drive torque, in some embodiments of the invention.
The Coriolis rotor, because it        spins at the same rate as the outer
rotor which envelopes it, experiences none of        these drag torques,
but only experiences Coriolis torque. The resultant angular  5    detection
of the Coriolis rotor with respect to the outer rotor is proportional to
mass        flow rate.              The center of the Coriolis rotor is
also hollowed out so that it can house a fluid         shear decoupler
which is fastened to the rotor cover and rotates at the same rate.
The shear decoupler ensures that the Coriolis rotor experiences no forces
due to the 10    viscosity or angular momentum of the fluid in the central
inlet/exit port. Clearances         exist on all sides of the Coriolis
rotor so that it is free to rotate coaxially with respect         to the
outer rotor except to the extent that it is restrained by the torsion bar.
Fluid         conducting holes are formed in both the outer rotor and the
Coriolis rotor and in the         fluid shear decoupler. In the fluid
exit/inlet port on the cover disc, these holes 15    converge and emerge
axially as one hole through which fluid enters or exits the meter.
The radial holes in the outer rotor, the Coriolis rotor, the shear
decoupler and the         exit/inlet port on the cover disc are aligned so
that fluid can flow through them.              A number of different
embodiments are disclosed by means of which a dual rotor         system
comprising an outer rotor and inner coaxial Coriolis rotor are used to
derive 20     mass flow rate information by measuring the amount by which
the Coriolis rotor is 



angularly offset from the outer rotor about a common axis coaxial to the
two rotors.         A first possible alternative embodiment receives fluid
via an inlet tangential to an inner         surface of the flowmeter casing
and directs the fluid through radial holes in both the         outer rotor
and Coriolis rotor. The holes of the Coriolis rotor extend the fluid to
mating 25    holes in the fluid shear decoupler which rotates with the
outer rotor and which         transforms the fluid from radial flow as
received from the holes of the Coriolis rotor to         an axial flow that
is applied to the fluid outlet of the flowmeter. The fluid shear
decoupler thereby isolates the Coriolis rotor from forces to which it would
be subjected         if the fluid was applied directly by the holes of the
Coriolis rotor to the meter outlet for 30    axial delivery to the pipeline
to which the flowmeter is connected.              In accordance with
another embodiment of the invention, the holes in the Coriolis
rotor are radial, while the holes in the outer rotor have a 90 bend. The
inner opening                                                    5        
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PCT/US96/03280         of each such hole in the outer rotor faces the outer
end of a corresponding radial        Coriolis rotor hole. The other opening
of each such outer rotor hole comprises a        protrusion on the
periphery of the outer rotor. The outer rotor spins in a direction that
enables the opening on the periphery of the outer rotor to act as a scoop
which  5    "scoops up" the received the fluid and forces it through the
radial holes of the Coriolis         rotor with a greater pressure than
does for the apparatus of the first embodiment         wherein the inlet
openings of the radial holes in the outer rotor are flush with the
periphery of the outer rotor.              In accordance with yet another
embodiment of the invention, the holes in the 10    Coriolis rotor are
radial while the holes in the outer rotor comprise         90  like
elements, having an open end on the inner circumference of the outer rotor
for cooperation with a corresponding hole in the Coriolis rotor. These 90
elements         have a smaller opening flush with the outer periphery of
the outer rotor and configured         to perform a jet function. Fluid
enters the meter coaxially through the fluid shear 15    decoupler near the
inner end of the Coriolis rotor holes, travels through the Coriolis
rotor radial holes and passes through the non-radial holes in the outer
rotor including         the jet openings of each 90[err] element
Another possible embodiment of the invention comprises an inline flowmeter 



having coaxial fluid inlets and outlets. The axis of rotation of each rotor
is coaxial with 20    the fluid inlet and outlets and a flow diverter is
provided for receiving the axial fluid flow         from the inlet and for
applying this fluid flow tangentially to the periphery of the outer
rotor and the holes therein.              Another embodiment has inline
inlets and outlets with the received fluid being         applied through a
fluid shear decoupler, through radial holes of a Coriolis rotors and 25
through matching holes in outer rotor to the fluid exit.              In
accordance with another embodiment of the invention, the holes in the
Coriolis         and outer rotors are not radial, but instead are curved in
a plane that includes the line         of the center axis of rotation of
the rotors. This curvature does not effect the rotation         of either
the Coriolis or the outer rotor. 30        In accordance with another
embodiment of the invention, a motor is connected         to the embodiment
having jet-like openings in the outer rotor so as to provide a higher
6     
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PCT/US96/03280         rpm for the rotor system. This provides improved
output signals that are used to        measure the angular displacement
between the Coriolis rotor and the outer rotor.             In accordance
with yet another embodiment of the invention, the Coriolis rotor        and
the outer rotor are rotated by a motor to perform the dual functions of a
fluid  5    pump and a mass flow measurement device for providing mass flow
information for        the fluid delivered by the pump. The holes in the
outer rotor are curved in a manner        that enhances the pumping
capability of the rotor system.             In all embodiments, sensing
coils and magnets provide output information        indicating the
rotational displacement of the Coriolis rotor with respect to the outer l0
rotor. A first set of magnets is embedded in the Coriolis rotor while a
second set of        magnets is embedded in apparatus that rotates in
unison with the outer rotor. A first        sensing coil senses the motion
of each set of the first set of magnets while a second        sensing coil
senses the motion of the second set of magnets. Each coil produces a
periodic wave output with the phase diference between the two outputted
waves 15    being proportional to the angular displacement of the Coriolis
rotor with respect to the 



outer rotor and, in turn, proportional to the mass flow rate of the fluid
flow within the         flowmeter.             All embodiments of the
invention provide a mechanical means which limits the         rotational
amount by which the Coriolis rotor can be offset from the outer rotor. This
20    is desirable in order that the torsion bar shaft, by means of which
the Coriolis rotor is         attached to the outer rotor, will not be
subjected to undue acceleration forces during         start-up and shut
down of the flowmeter.                                DESCRIPTION OF THE
DRAWING              Figures 1 and 2 illustrate physical forces associated
with the operation of a 25    Coriolis flowmeter.              Figure 3 is
an exploded view of one possible exemplary embodiment of the
invention.              Figure 4 is a top view of the apparatus of Figure
3.              Figure 5 is a cross-sectional view taken along lines 5-5 of
Figure 4. 30        Figure 6 is a cross-sectional view taken along lines
6-6 of Figure 4.              Figure 7 is a cross-sectional view taken
along lines 7-7 of Figure 6.              Figure 8 discloses an alternative
embodiment to that of Figure 3.
7   
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PCT/US96/03280              Figure 9 illustrates forces associated with an
outer rotor having non radial holes.             Figure 10 discloses an
altemative embodiment having non radial holes in the        outer rotor.
Figures 11 and 12 discloses a flowmeter having axial inline inlets and
outlets.  5        Figure 13 discloses an embodiment wherein both the
Coriolis and outer rotor        have non radial holes.              Figures
14, 15, and 16 discloses an alternative embodiment having axial inlets
and outlets.              Figures 17 and 18 disclose an alternative
embodiment comprising a motor driven 10    combined flowmeter and pump.
Figure 19 is an enlargement of a portion of Figure 15.
DETAILED DESCRIPTION              Figure 1 discloses a flow tube 101 having
a slug of fluid mass 102 flowing 



therethrough at a velocity V. Flow tube 101 is assumed to rotate at an
angular 15    velocity [err] about pivot point 104. In vibrating Coriolis
flowmeters, the rotation of flow         tube 101 about pivot point 104 is
not continuous but, rather, the rotation comprises         an oscillatory
motion wherein flow tube 101 rotates about pivot point 104 briefly in one
direction followed by a return rotation in the opposite direction. The
reason for this         is that it is not feasible with conventional
flowmeters to rotate the flow tubes 20    continuously due to mechanical
problems such as the provision of the required seals         and the
resulting drag imposed by the seals. However, this limitation is overcome
by the apparatus of the present invention.               The description of
the flow tube 101 of figures 1 and 2 assumes that the flow         tube 101
is rotating counterclockwise at an angular velocity [err] about pivot point
104 25    as defined by vector [err]. Under this condition, the slug of
fluid mass 102 is subject to         a Coriolis acceleration A[err] as it
moves away from pivot point 104 at a velocity V. Since         it is the
walls of flow tube 101 that enable the slug of fluid mass 102 to undergo
the         Coriolis acceleration, the walls of the flow tube 101 are
subject to the Coriolis force F[err].              The generated Coriolis
force Fc as shown in figure 1 may be expressed as 30    follows:
Eq. 1                            F[err] = MA[err]   



8                 W0 96/29574
PCT/US96/03280           where              F[err] =Coriolis force on the
tube              M=fluid mass  5        A[err]=Coriolis Acceleration.
From the laws of physics, the Coriolis Acceleration A[err] may be expressed
as:           Eq. 2                    A[err] = 2 ([err]xV)           where



10         [err] =flow tube angular velocity              V=fluid velocity
Substituting equation 2 into equation 1, the Coriolis force on the flow
tube may         be expressed as:         expressed as: 15      Eq. 3
F[err] = Mx2([err]xV)                The Coriolis acceleration A[err] is
the rate of change of tangential velocity to which         the slug of
fluid mass 102 is subjected as it travels at a velocity V through the flow
tube 101 away from the pivot point 104. Equation 2 may be intuitively
understood 20    by appreciating that the slug of fluid travels a finite
distance during an interval of time         [err] and that during this time
interval, the distance of the slug of fluid 102 from the pivot
point 104 increases. If the slug of fluid 102 was originally at a distance
R from the         pivot point 104 then, after a time interval [err]t, the
slug of fluid will be at a distance R +         [err]R from pivot point
104. The tangential velocity of any point on the flow tube is a 25
function of the angular velocity [err] at which the flow tube is rotating
times its distance         from pivot point 104. At the end of interval
[err]t, the slug of fluid 102 is further from the         pivot point 104
by the amount [err]R. This being the case, the slug of fluid 102 is
traveling at a greater angular velocity after the time interval [err]t when
its distance is R         + [err] R from the pivot point, than it was at
the beginning of the time interval when its 



30    distance from the pivot point was R. This increase in the tangential
velocity divided          by the time interval [err]t equals the Coriolis
acceleration A[err] of the slug of fluid mass          102. The linear
velocity V of the fluid mass of slug 102, of course, remains constant
9                  WO 96/29574
PCT/US96/03280         during this time interval even though the slug of
fluid mass 102 increases its tangential        velocity as it travels
further and further from pivot point 104.             From Equation 3 it
can be seen that the Coriolis force F[err] shown in Figure 1 is
proportional to the mass M of the fluid flowing in flow tube 101, as well
as to the  5    angular velocity [err] at which the flow tube 101 pivots
about a pivot point 104 as well as         proportional to the velocity V
at which the fluid mass travels through the flow tube. 



It has been mentioned that Coriolis mass flowmeters of the rotary type are
known         wherein the angular velocity of a fluid is held constant
while the fluid transverses a         radial path. This is achieved by the
provision of a rotor having radial holes through l0    which the fluid
flows. The prior art rotary Coriolis mass flowmeters generally use a
motor to spin the rotor through which the fluid flows. Some embodiments of
the rotary         Coriolis flowmeter of the present invention do not use a
motor but, rather, use the         dynamics of the flowing fluid to spin
the rotor.              Figure 2 and the following discussion describes the
forces applied to and 15    associated with a spinning rotor as fluid flows
through radial holes (or tubes) in the         rotor. On Figure 2, A[err]
is the area of the interior portion of flow tube 101 of figure 1.
The slug of fluid mass 102 equivalent to the slug of fluid mass 102 of
Figure 1 and this         has a thickness 6 R and a cross sectional area
A[err]. The mass of this slug 102 may be         expressed as [err]A[err]R
where [err] equals the density of the material comprising slug 102, 20
where Ah is the cross sectional area of the slug 102 and where [err]R is
the thickness         of slug 102.              The lower portion of flow
tube 101 is at a distance R1 from the axis 103         containing a pivot
point 104. Slug 102 is at a distance R from the pivot point 104
while the top extremity of the flow tube 101 is at a distance R2 from the
pivot point 25    104.              The following describes the torque to
which flow tube 101 is subjected due to         Coriolis acceleration as
fluid flows continuously through flow tube 101. Flow tube 101 



is assumed to be a radial hole of a rotor shown on Figure 3 (but not on
Figure 2).              From the laws of mechanics, the torque on the flow
tube 101 may be expressed 30    as:            Eq. 4
T=RxF[err]                                                     10
WO 96/29574                                                PCT/US96/03280
T =torque on rotor            R=radius to point of application of force
F[err] = Coriolis force 



Substituting the value of the Coriolis force F[err] obtained in Equation 3,
the rotor  5    torque may be expressed as follows:           Eq. 5
[err]  =2RM ([err]xV)              Equation 5 must be expressed in
differential form to sum the total torque over the l0    length of tube.
Eq. 6                     [err]t=2R[err]M([err]xV)              It can be
seen that the mass of an incremental portion of the fluid slug 102 of 15
Figure 2 is equal to:           Eq. 7
[err]M=[err]A[err]R              p =fluid density 20        Ah=hole section
area             Substituting the value of [err]M of Equation 7 into
Equation 6 one gets: 



Eq. 7.5                 [err]T=2R[err]A[err]R(wxV)  25         The total
rotor torque is obtained by taking the integral of equation 7.5 from the
radius R1 to R2 of Figure 2. The following expression is then obtained:
[err]              where                        EMBODIMENT OF FIGURES 3.4.
5, 6 & 7         Figure 3 discloses an exploded view of a first possible
preferred exemplary  embodiment of the invention. This embodiment comprises
a cylindrical shaped 



fluid containment housing 301, an outer rotor 307, an inner or Coriolis
rotor 314,  a rotor cover 317, and a housing cover 303. Inlet 302 having
opening 327  comprises a portion of the fluid containment housing 301 while
outlet 304 having  opening 337 is affixed to top housing cover 303 by
flange 306. In use, outer rotor  307 and Coriolis rotor 314 are positioned
within the recess 338 of fluid container  housing 301. Axle 331 is fixably
attached at its upper end to the flat portion 340  of outer rotor 307 and
on its lower end rotably engages thrust bearing 334 and  bearing cup 333
having circlip 339. Bearing cap 336 attached to housing 301  connects the
axle to the housing. By this means, outer rotor 307 can rotate freely  with
its axle 331 and it is positioned within fluid containment recess 338 of
housing  301.        Torsion bar axle 329 comprises an elongated flexible
torsion bar that is positioned within the open center portion of axle 331
and is fixably attached thereto by means of set screw 332. Torsion bar axle
329 extends through an opening (not shown in Fig. 3) in the flat portion
340 of outer rotor 307 and is connected to the bottom portion of Coriolis
rotor 314 by a press fit as shown in detail on Figure 6. In use, Coriolis
rotor 314 is positioned within the recess 341 of outer rotor 307 and is
rigidly affixed to the top portion of torsion bar axle 329. The flexing
capability of torsion bar axle 329 permits Coriolis rotor 314 to rotate
angularly a limited amount with respect to outer rotor 307. This angular
rotation of Coriolis rotor 314 with respect to outer rotor 307 is limited
by elements 



subsequently described in detail in connection with Figures 4 and 5.
The top surface of rotor cover 317 includes a boss 319 which receives seal
321 which cooperates with a bottom portion of fluid outlet 304. The top
portion of seal 321 abuts the bottom of housing cover 303. Seal 321 ensures
that fluid must flow through holes 309 and 312 of rotors 307 and 314 to
reach fluid exit 304. The top surface 322 of housing cover 303 includes
openings 357 and 346 which receive coils 323 and 324 which are used as
subsequently described to determine the angular displacement between
Coriolis rotor 314 and outer rotor 307 as fluid flows through the flowmeter
of Figure 3.            In use, Coriolis rotor 314 is positioned within the
recess 341 of outer rotor 307. Rotor cover 317 is then affixed by means of
screws, to the top surface of outer rotor 307 by means of its screw holes
311 and 318. The subassembly is then positioned within recess 338 of
housing 301. Housing cover 303 is affixed by means of screws and screw
holes 326 and 328 to the top surface of fluid containment housing 301. The
assembled flowmeter is then connected to a pipeline (not shown) with the
supply portion of the pipeline being connected to fluid inlet 302 and with
the downstream portion of the pipeline being connected to 



fluid exit 304. The passage of moving fluid through the opening 327 of
inlet 302 to the inner portion of the housing 301 causes outer rotor 307
and Coriolis rotor 314 to rotate counterclockwise as the fluid travels
through radial holes 309 of outer rotor 307, through radial holes 312 of
Coriolis rotor 314, and through the holes 343 of fluid shear decoupler 342
which is fixably attached to the lower surface of the rotor cover 317. The
fluid proceeds upwards through the fluid exit 304 to the pipeline being
served by the flowmeter.       The flow of fluid through radial holes 309
and 312 of rotors 307 and 314 causes them to rotate counterclockwise. In so
doing, Coriolis rotor 314 becomes angularly offset with respect to outer
rotor 307 because of the Coriolis forces to which Coriolis rotor is
subjected. This angular offset is permitted by the torsional capabilities
of torsional axle 329. Coil 323 cooperates with magnets 344 embedded in
rotor cover plate 317. Coil 324 cooperates with magnets 316 embedded in
Coriolis rotor 314. Each coil generates output signals on paths 352 and 353
as the magnets with which it cooperates pass the coil. The output signal of
each coil comprises a periodic wave due to the plurality of magnets with
which each coil cooperates. The signals on paths 352 and 353 are applied to
meter electronics 351 which determines mass flow rate and other information
in response to the receipt of the signals 352 and 353.       Coil 324 is
positioned in opening 357. Coil 323 is controllably positionable within
opening 346. This permits the position of coil 323 to be adjusted so that
the 



periodic wave outputs of the two coils are coincident with each other
during the no flow condition of the meter. This is necessary for
calibration purposes. The position of coil 323 within opening 346 is locked
by means of retainer element 348 and screw 349 which are screwed into
opening 347 with the bottom of retainer element 348 being clamped to the
top surface of coil 323 to prevent its further movement. Once calibrated,
the output signals of the two coils     are coincident with each other for
the no flow condition of the flowmeter but are offset or phase displaced
with respect to each other for flcw conditions. This phase offset is
proportional to the mass flow rate of the material flowing in the flowmeter
and is used by meter electronics 351 to determine the mass flow rate of the
material.       Figure 4 discloses further details of the structure of
Figure 3 and, in particular, comprises a top view of the structure of
Figure 3. Shown on Figure 4 is the circular fluid containment housing 301
having inlet 302 with its opening 327. Fluid from the supply portion of the
pipeline (not shown) passes through opening 327 and enters the interior of
fluid containment housing 301. The fluid travels counterclockwise as shown
on Figure 4. The fluid enters the space 407 which is 



formed between the inner cylindrical surface 405 of housing 301 and the
periphery 406 of outer rotor 307. The fluid proceeds counterclockwise in
circular area 407 and enters the openings of radial holes 309 in outer
rotor 307. As the fluid ultimately enters radial holes 309 in outer rotor
307 and from there passes through the corresponding holes 312 in Coriolis
rotor 314. The fluid travels towards the center of the Coriolis rotor 314
and ultimately encounters openings 343 in fluid shear decoupler 342. An
opening 343 of fluid shear decoupler 342 mates with each radial hole 312 in
Coriolis rotor 314. In so doing, fluid shear decoupler 342 receives fluid
from the plurality of radial holes 312 in rotating Coriolis rotor 314 and
redirects the flowing fluid to converge into a single axial path comprising
opening 337 of exit outlet 304.        The plurality of screw holes 326
fasten housing cover 303 to the top surface of fluid containment housing
301. Further shown on Figure 4 are the plurality of magnets 316 in the
Coriolis rotor 314 as well as the plurality of magnets 344 embedded in
rotor cover 317. Each magnet 344 is positioned in the rotor cover 317 so as
to alternate with a threaded screw hole 318 as shown on Figure 3 but not on
Figure 4. In other words, screw holes 318 and the magnets 344 are in
alternate positions near the periphery of rotor cover 317. Coil 324 senses
the motion of magnets 316 while coil 323 senses the motion of magnets 344.
Elements 349 and 348 permit the position of coil 323 to be controllably
adjusted within opening 346. The position of coil 324 is not adjustable and
it fits snugly 



within opening 357.      Figures 4 and 5 show pin 402 positioned within
recess 401 in Coriolis rotor 314. As shown in Figure 5, the top of pin 402
is embedded in Coriolis rotor 314                  WO 96/29574
PCT/US96/03280              In use, Coriolis rotor 314 is positioned within
the recess 341 of outer rotor 307.        Rotor cover 317 is then affixed
by means of screws to the top surface of outer rotor        307 by means of
its screw holes 311. The subassembly is then positioned within
recess 338 of housing 301. Housing cover 303 is affixed by means of screws
and  5    screw holes 326 and 328 to the top surface of fluid containment
housing 301. The        assembled flowmeter is then connected to a pipeline
(not shown) with the supply        portion of the pipeline being connected
to fluid inlet 302 and with the downstream        portion of the pipeline
being connected to fluid exit 304. The passage of moving fluid 



through the opening 327 of inlet 302 to the inner portion of the housing
301 causes 10    outer rotor 307 and Coriolis rotor 308 to rotate
counterclockwise as the fluid travels        through radial holes 309 of
outer rotor 307, through radial holes 312 of Coriolis rotor        308, and
through the holes 443 of fluid shear decoupler 442 which is fixably
attached        to the lower surface of the rotor cover 317. The fluid
proceeds upwards through the        fluid exit port 304 to the pipeline
being served by the flowmeter. 15        The flow of fluid through radial
holes 309 and 312 of rotors 307 and 314 causes         them to rotate
counterclockwise. In so doing, Coriolis rotor 314 becomes angularly
offset with respect to outer rotor 307 because of the Coriolis forces to
which Coriolis         rotor is subjected. This angular offset is permitted
by the torsional capabilities of         torsional axle 329. Coil 323
cooperates with magnets 344 embedded in rotor cover 20    plate 317. Coil
324 cooperates with magnets 316 embedded in Coriolis rotor 314.
Each coil generates output signals on paths 352 and 353 as the magnets with
which         it cooperates pass the coil. The output signal of each coil
comprises a periodic wave         due to the plurality of magnets with
which each coil cooperates. The signals on paths         353 and 353 are
applied to meter electronics 351 which determines mass flow rate and 25
other information in response to the receipt of the signals 352 and 353.
Coil 323 is controllably positionable within opening 346. This permits the
position         of coil 323 to be adjusted so that the periodic wave
outputs of the two coils are         coincident with each other during the
no flow condition of the meter. This is necessary         for calibration
purposes. The position of coil 323 within opening 346 is locked by 



30    means of retainer element 348 and screw 349 which are screwed into
opening 347         with the bottom of retainer element 348 being clamped
to the top surface of coil 323         to prevent its further movement.
Once calibrated, the output signals of the two coils         Coriolis rotor
314 and element 602 of shear decouple 342 redirects fluid flow to opening
337 in fluid exit 304. Fluid shear decoupler 342 is fixably attached to the
bottom of rotor cover plate 317 which, in turn, is attached by means of
screws 318 to outer rotor 307. This direct coupling between fluid shear
decoupler 342 and outer rotor 307 ensures that the fluid exiting Coriolis
rotor 314 initially has the same angular velocity as the Coriolis rotor.
Because the exiting fluid is rotating at the same rate as the Coriolis
rotor, it cannot exert a torque on the Coriolis rotor due to viscous shear.
This isolation of Coriolis rotor 314 from the adverse effects of the
viscosity of the exiting fluid improves the accuracy of the mass flow
measurement. 



In some embodiments, opening 337 is the fluid inlet. Shear decoupler 342
performs the same decoupling function in such embodiments.       Figure 7
shows further details of the apparatus shown on Figure 4. Shown on Figure 7
are fluid containment housing 301, outer rotor 307, and Coriolis rotor 314.
Also shown are radial holes 309 in outer rotor 307 and radial holes 312 in
Coriolis rotor 314. The area 407 between the inner portion of the fluid
containment housing 301, the outer portion of outer rotor 307 receives
fluid flow from opening 327 of inlet 302. The received fluid flows
counterclockwise in space 407 and enters radial holes 309 in the outer
rotor 307, travels through the radial holes 312 in Coriolis rotor 314 and
ultimately exits the meter at fluid exit 304. In so doing, Coriolis forces
are generated which causes the aforementioned angular displacement between
Coriolis rotor 314 and outer rotor 307. The magnitude of this angular
displacement is measured by coils 323 and 324 cooperating with magnets 344
and 316 as already described. Fluid shear decoupler 342 rotates in unison
with outer rotor 307, it receives the fluid flow in holes 343 from radial
holes 312 in the Coriolis rotor 314 and redirects this flow upwards and out
of fluid exit 304 and its opening 337.        The angular velocity of the
combined rotors can be determined from the law of conservation of angular
momentum. The angular momentum of the incoming fluid is: where        Eq.
12                        [err] =M[err]VR[err]               [err] =
incoming angular momentum                                         18 



M[err]=mass of incoming fluid V[err]=velocity of incoming fluid
WO 96/29574
PCT/US96/03280          bottom of pin 402, as shown in Figure 4, is
positioned within opening 401. Pin 402         and opening 401 limit the
amount by which rotors 314 and 307 may be angularly         displaced from
one another. This limitation on angular displacement limits stresses
on torsional axle 329. It is particularly useful during start up conditions
when the  5    displacement of Coriolis rotor 314 might otherwise be large
enough to damage 



torsional axle 329. Other mechanical embodiments are possible. Thus, pin
402 could        be embedded in Coriolis rotor 314 and extend into an
opening in outer rotor 307.        Also, pin 402 could be embedded in outer
wall 507 of rotor 307 and extend sideways        on Figure 5 into an
opening in the periphery of Coriolis rotor 314. Pin 403 and 10    opening
404 provide a similar limit on Coriolis rotor 314 angular displacement in
the        same manner as does pin 402 and opening 401. Fluid space 407
comprises the        space between wall 507 of outer rotor 307, the outer
rotor cover 317, and the interior        surface of fluid containment
housing 301, including the lower surface of the housing        cover 303.
15        Figure 6 shows further details of the apparatus of Figure 3. It
comprises a vertical         cross-sectional view taken along line 6-6 of
Figure 4. Shown on Figure 6 is fluid         containment housing 301
containing outer rotor 307, Coriolis rotor 314, together with
radial holes 309 in outer rotor 307 and holes 312 in Coriolis rotor 314.
The top portion         of axle 331 is fixably attached to the lower
portion of outer rotor 307 and its bottom 20    is affixed by means of
circlip 339 to thrust bearing 334. This entire assembly is
positioned within bearing cup 333 which includes an opening 601 for
receiving grease         or the like and which separates the upper portion
of bearing cap 336 from the thrust         bearing 334 and the bottom of
axle 331. Inside of and coaxial with axle 331 is the         torsion axle
329 which on its bottom portion is affixed by means of said screw 332 to 25
axle 331 and which on its upper portion is rigidly affixed to the bottom
portion of         Coriolis rotor 314. Fluid in space 407 comprises the
space between the inner portion 



of housing 301 and outer rotor 307 and rotor cover 317. Coils 323 and 324
are shown         positioned within housing cover 303. The associated
magnets 344 and 316 are shown         embedded, respectively, in rotor
cover 317 and the top portion of the Coriolis rotor 30    314,
respectively.              Fluid shear decoupler 342 is shown in detail in
Figure 6. Holes 343 of fluid shear         decoupler 342 receive fluid flow
from the inner portion 313 of radial holes 312 in
17                 WO 96/29574
PCT/US96/03280          Coriolis rotor 314 and redirect fluid flow to
opening 337 in fluid exit 304. Fluid shear         decoupler 342 is fixably
attached to the bottom of rotor cover plate 317 which, in turn,         is
attached by means of screws 318 to outer rotor 307. This direct coupling
between 



fluid shear decoupler 342 and outer rotor 307 ensures that the fluid
exiting Coriolis  5    rotor 314 initially has the same angular velocity as
the Coriolis rotor. Because the         exiting fluid Is rotating at the
same rate as the Coriolis rotor, it cannot exert a torque         an the
Coriolis rotor due to viscous shear. This isolation of Coriolis rotor 314
from the         adverse effects of the viscosity of the exiting fluid
improves the accuracy of the mass         flow measurement. In some
embodiments, opening 337 is the fluid inlet. Shear 10    decoupler 342
performs the same decoupling function in such embodiments.
Figure 7 shows further details of the apparatus shown on Figure 4. Shown on
Figure 7 are fluid containment housing 301, outer rotor 307, and Coriolis
rotor 314.         Also shown are radial holes 309 in outer rotor 307 and
radial holes 312 in Coriolis         rotor 314. The area 407 between the
inner portion of the fluid containment housing 15    301, the outer portion
of outer rotor 307 receives fluid low from opening 327 of inlet
302. The received fluid flows counterclockwise in space 407 and enters
radial holes         309 in the outer rotor 307, travels through the radial
holes 312 in Coriolis rotor 314 and         ultimately exits the meter at
fluid exit 304. In so doing, Coriolis forces are generated         which
causes the aforementioned angular displacement between Coriolis rotor 314 2
0    and outer rotor 307. The magnitude of this angular displacement is
measured by coils         323 and 324 cooperating with magnets 344 and 316
as already described. Fluid shear         decoupler 342 rotates in unison
with outer rotor 307, it receives the fluid flow from         radial holes
312 in the Coriolis rotor 314 and redirects this flow upwards and out of
fluid exit 304 and its opening 337. 



25           The angular velocity of the combined rotors can be determined
from the law of         conservation of angular momentum. The angular
momentum of the incoming fluid is:            Eq. 12
I[err] =M[err]V[err]R[err]          where 30        [err]=incoming angular
momentum              M [err]=mass of incoming fluid
V[err]=velocity of incoming fluid     axle. Coil 323 is moved so as to
change the phase angle between the periodic wave outputs of coils 323 and
324. With the sine waves aligned (zero phase angle), coil 323 is locked in
position. After the meter output is calibrated, it can be shown that the
time interval between the passage of the two sine waves is proportional to
the mass flow rate and is independent of rotor rpm.     This is shown as
follows:   Eq. 24                           [err]=[err]T 



where     [err] =angular displacement     [err]=angular velocity     T=time
interval between waves     Eq. 25 but                    [err] (torsional
spring equation)    where     T = Coriolis torque (eq. 11)     K[err]
=torsional spring constant     Eq. 26 thus                   [err]    from
equations 11, 24, 25 



Note: R[err] and R[err] are the inner and outer radii of the inner
(Coriolis) rotor. Thus:   Eq. 27                         [err]
Equation 27 shows that the time interval between magnet crossings is
directly proportional to mass flow rate. It is independent of bearing drag
viscous drag, and rpm. Thus this invention overcomes the problems of
previous rotary mass flowmeters.     The fact that the mass flow
measurement by the apparatus of the present invention is independent of
rotor rpm confers another advantage. It allows the fluid channels (the
radial holes) in the outer rotor, to be shaped so as to reduce the pressure
drop across the meter. Industry tries to minimize pressure drop in fluid
systems because it wastes energy. All Coriolis meters create pressure drop
in the flowing fluid. The pressure drop in the meter of Figure 3 results
primarily from the fluid having to flow radially inward against the
centrifugal force of the 



spinning rotor. The rotor RPM and the flowmeter pressure drop can be
minimized by curving the fluid passages so that their openings face in the
direction of rotation at the rotor periphery as shown on Fig. 8.
EMBODIMENT OF FIGURE 8      Figure 8 discloses a rotary Coriolis flowmeter
similar to that shown on Figure 3 but having scoops on the outer periphery
of the outer rotor for reducing the rotor RPM. This embodiment includes a
fluid containment housing 301 having a tangential inlet port 302 whose
opening 327 permits fluid to enter inner space 407 of the meter. The
flowmeter of Figure 8 has an outer rotor 807 and a Coriolis rotor 314.
Space 407 comprises the area between the inner surface of fluid containment
housing 301 and the outer surface of the outer rotor 807 and its cover 303
(not shown on Figure 8). Outer rotor 807 is comparable to outer rotor 307
of Figure 3 except that its periphery has a plurality of saw-tooth teeth
801. Coriolis rotor 314 has a plurality of radial holes 312 as does
Coriolis rotor 314 of the embodiment of Figure 3. Holes 309 in outer rotor
307 of the embodiment of Figure 3 are replaced by right angle elements 802
in outer rotor 807 in the embodiment of Figure 8. The inner opening 804 of
each right angle element 802 is aligned with a mating radial hole 312 in
Coriolis rotor 314. The other opening of the right angle element 802 in
outer rotor 807 comprises a scoop like opening 803. The inner terminus of
each radial hole 312 in Coriolis rotor 314 is aligned with an opening 343
in fluid shear decoupler 342 which serves the same function 



as does fluid shear decoupler 342 in the embodiment of Figure 3. Namely,
fluid shear decoupler 342 receives the fluid flow from the radial holes 312
and directs                  WO 96/29574
PCT/US96/03280          from equations 14, 21        where: V[err]=[err]
R[err], one obtains:           Eq. 23
V[err]=3V[err]  5         where            V[err]= tangential rotor
velocity at R[err]            V[err]= incoming fluid velocity 



These calculations show that the tangential velocity of the periphery of
the outer 10    rotor 307 is three times the tangential velocity of the
incoming fluid (neglecting drag).         Experimental results have shown
that even with viscous and bearing drag, the         periphery of the rotor
has higher velocity than the incoming fluid. The incoming fluid         is
abruptly accelerated tangentially as it enters the outer rotor. As the
fluid continues         to travel radially inward, its tangential velocity
decreases with radius until, near the 15    rotor axis, its tangential
velocity is near zero. The outer rotor 307 experiences drag         torque
due to the abrupt acceleration of the fluid, as well as fluid viscous drag,
and         bearing drag. It also experiences a torque in the direction of
rotation due to the         tangential (Coriolis) deceleration. The
Coriolis rotor 314 Is enclosed by the outer rotor         and therefore
only experiences the Coriolis torque in the direction of rotation. At 20
equilibrium, the Coriolis rotor supplies the drive torque while the outer
rotor supplies         the equal and opposite drag torque.             The
torsion bar axle 329 which connects the Coriolis rotor 314 to the outer
rotor         307 allows an angular displacement between them which is
proportional to torque.         The angular displacement is measured by
means of the voltage generated in coils 323 25    and 324 by magnets 316
and 344. Magnets 316 are fastened to Coriolis rotor 314 and         magnets
344 are fastened to rotor cover 317. A sufficiently large number of magnets
are used so that the series of voltage peaks are induced in the coils to
approximate         a sine wave output in each coil.             The
periodic wave outputs from coils 323 and 324 are aligned during the
flowmeter 



30    assembly so that there is no phase angle between them during zero
fluid flow. This         is done by spinning the rotors via a motor with
the flowmeter empty and the bearing         cap 336 removed so as to allow
a motor to be temporarily connected to the rotor
21                 WO 96/29574
PCT/US96/03280          axle. Coil 323 is moved so as to change the phase
angle between the periodic wave         outputs of coils 323 and 324. With
the sine waves aligned (zero phase angle), coil 323         is locked in
position. After the meter output is calibrated, it can be shown that the
time         interval between the passage of the two sine waves is
proportional to the mass flow  5    rate and is independent of rotor rpm.
This is shown as follows: 



Eq. 24                          [err]          where 10       [err]=angular
displacement          [err] = angular velocity          T =time interval
between waves             Eq. 25 but                  [err] (torsional
spring equation)          where 15        T =Coriolis torque (eq. 11)
K[err]=torsional spring constant            Eq. 26 thus
[err] 20 



from equations 12, 25            Note: R[err] and R[err] are the inner and
outer radii of the inner        (Coriolis) rotor.        Thus: 25
Eq. 27                     [err]
22         



W0 96/29574
PCT/US96/03280             Equation 27 shows that the time interval between
magnet crossings is directly        proportional to mass flow rate.It is
independent of bearing drag, viscous drag, and        rpm. Thus this
invention overcomes the problems of previous rotary mass flowmeters.
The fact that the mass flow measurement by the apparatus of the present
invention  5    is independent of rotor rpm confers another advantage. It
allows the fluid channels        (the radial holes) in the outer rotor, to
be shaped so as to reduce the pressure drop        across the meter.
Industry tries to minimize pressure drop in fluid systems because        it
wastes energy. All Coriolis meters create pressure drop in the flowing
fluid. The        pressure drop in the meter of Figure 3 results primarily
from the fluid having to flow 10    radially inward against the centrifugal
force of the spinning rotor. The rotor RPM and        the flowmeter
pressure drop can be minimized by curving the fluid passages so that
their openings face in the direction of rotation at the rotor periphery as
shown on Fig.        8.                                   EMBODIMENT OF
FIGURE 8 15       Figure 8 discloses a rotary Coriolis flowmeter similar to
that shown on Figure 3 but        having scoops on the outer periphery of
the outer rotor for reducing the rotor RPM.        This embodiment includes
a fluid containment housing 301 having a tangential inlet        port 302
whose opening 327 permits fluid to enter inner space 407 of the meter. The
flowmeter of Figure 8 has an outer rotor 807 and a Coriolis rotor 314.
Space 407 



20    comprises the area between the inner surface of fluid containment
housing 301 and        the outer surface of the outer rotor 807 and its
cover 303 (not shown on Figure 8).        Outer rotor 807 is comparable to
outer rotor 307 of Figure 3 except that its periphery        has a
plurality of saw-tooth teeth 801. Coriolis rotor 314 has a plurality of
radial holes        312 as does Coriolis rotor 314 of the embodiment of
Figure 3. Holes 309 in outer 25    rotor 307 of the embodiment of Figure 3
are replaced by right angle elements 802 in         outer rotor 807 in the
embodiment of Figure 8. The inner opening 804 of each right         angle
element 802 is aligned with a mating radial hole 312 in Coriolis rotor 314.
The         other opening of the right angle element 802 in outer rotor 807
comprises a scoop like         opening 803. The inner terminus of each
radial hole 312 in Coriolis rotor 807 is 30    aligned with an opening 343
in fluid shear decoupler 342 which serves the same        function as does
fluid shear decoupler 342 in the embodiment of Figure 3. Namely,
fluid shear decoupler 342 receives the fluid flow from the radial holes 312
and directs                                                  23       



[err]      The torque on the rotor due to the force vector 906, F[err], is
equal to the cross product of F[err] and the vector R (904) joining the
rotor axis with the center of curvature.      By taking the vector cross
product of these two vectors and substituting equation 35 for F[err], one
obtains:  Eq. 36                  [err]   where     R =radial vector 904
from rotor center 907 to curve center 901.     [err] =angle between vectors
904 and 906 The significant factor in the equation 36 is the fluid velocity
term, V. The fact that torque on the rotor is proportional to fluid
velocity means that fluids of different density flowing at the same mass
flow rate would result in different torque readings and thus different
indicated mass flows. This is undesirable. The fluid channels in the
Coriolis rotor should have no curvature in the plane of the rotor for the 



meter to be insensitive to fluid density. However, fluid channels that are
curved and that are in a plane that contains the rotor axis do not
adversely effect the Coriolis torque that is generated on the rotor. In
this case, the centrifugal force vector intersects the rotor axis and does
not create a torque on the rotor. In order to produce a torque on the
rotor, the centrifugal force vector has to be applied offset to the rotor
axis.     Figure 13 discloses a curved channel in the Coriolis rotor 314
having a force vector 1306 that is in the same plane as the rotor axis
1304. This being the case, the force vector 1306 due to the channel
curvature in hole 1302 has no influence on the rotor rotation. On the other
hand, if a radial hole such as 312 in the Coriolis rotor of Figure 8 were
curved such that the curvature were in the plane of the rotor and thus
visible in Figure 8, the resultant force vector would not intersect with
the center axis of the Coriolis rotor and would therefore create a
resultant torque that would give the Coriolis rotor an angular displacement
with respect to the outer rotor.         The holes in outer rotor 307 of
the embodiment of Figures  and 4 need not be radial and may be curved if
desired as shown on Figure 8 in order to decrease 



the rotor RPM and the pressure drop across the flowmeter. While the
curvature in the holes 802 of the outer rotor 807 have an effect on the
angular speed of the outer rotor 807, as well as the Coriolis rotor 314,
there is no effect on the Coriolis mass flow measurement capability of the
flowmeter since it is the rotational time delay of the Coriolis rotor with
respect to the outer rotor that is the critical factor. Similarly, factors
such as fluid viscosity, bearing drag, and other losses can slow down the
angular velocity of both the Coriolis and the outer rotor. However, there
is no resultant effect on the Coriolis rotor by itself. The time delay of
the Coriolis rotor with respect to the outer rotor remains unchanged and is
not influenced by factors such as fluid viscosity, bearing friction, or
curvatures in the holes of the outer rotor. In summary, the fluid channels
in the outer rotor need not be radial and may be curved, as shown on Figure
8 to decrease the rotor RPM and meter pressure drop.                   JET
ROTOR EMBODIMENT- FIGURE 10      The embodiment of Figure 10 discloses a
Coriolis rotor 314 concentric with an outer rotor 1001 having jet like
openings in its outer periphery. In this embodiment, fluid enters the
flowmeter at its center through opening 337 of inlet 304 and accelerates
tangentially (Coriolis acceleration) as it progresses outwards through
radial holes 312 in the spinning Coriolis rotor 314 and through holes 1002
in outer rotor 1001. In outer rotor 1001 the fluid holes 1002 have a
90[err] turn so that the fluid exits tangentially through jet like openings
1003. The reaction force 



of the fluid as it makes this 90 turn in holes 1002 causes outer rotor 1001
to spin. Additional rotational speed can be obtained by restricting the
area of the jet like openings 1003. This causes the fluid to accelerate and
apply additional reaction force to outer rotor 1001. This embodiment of
Figure 10 measures fluid mass flow exactly like the discussed embodiments
by measuring the angular offset between the outer and Coriolis rotor. The
equilibrium angular velocity of the jet powered rotor can be calculated for
a frictionless case. The thrust torque is equal and opposite to the
Coriolis induced drag torque to define an equilibrium condition. The thrust
of the jets 1003 is determined from the change in angular momentum of the
fluid as it changes direction and accelerates.                Wo 96/29574
PCT/US96/0328O         where 



[err] = angle between differential force 914 and line 906 bisecting curve
902          [err]= angular length of curved flow channel  5          Eq.
31 but              [err]         where 10       M =p x volume
=p x A[err] x length             =p x A[err] x [err]          p =fluid
density          A h=channel cross section area 15      [err] =angular
measure of curve in radians       Therefore,         Eq. 32
[err]   



Equation 9 expresses [err] as:         Eq. 33                     [err]  20
Substituting equation 33 into equation 32, one obtains:             Eq. 34
[err]  25        By integrating equation 34, one obtains:
26   



WO 96/29574
PCT/US96/03280           Eq. 35                    [err]              The
torque on the rotor due to the force vector 906, F[err] is equal to the
cross  5    product of F[err] and the vector R (904) joining the rotor axis
with the center of        curvature.            By taking the vector cross
product of these two vectors and substituting equation        35 for
F[err], one obtains:   10       Eq. 36                [err]  



where            R =radial vector 904 from rotor center 907 to curve center
901.            [err] =angle between vectors 904 and 906 15    The
significant factor in the equation 36 is the fluid velocity term, V. The
fact that        torque on the rotor is proportional to fluid velocity
means that fluids of different density        flowing at the same mass flow
rate would result in different torque readings and thus        different
indicated mass flows. This is undesirable. The fluid channels in the
Coriolis        rotor should have no curvature in the plane of the rotor
for the meter to be insensitive 20    to fluid density. However, fluid
channels that are curved and that are in a plane that         contains the
rotor axis do not adversely effect the Coriolis torque that is generated on
the rotor. In this case, the centrifugal force vector intersects the rotor
axis and does         not create a torque on the rotor. In order to produce
a torque on the rotor, the         centrifugal force vector has to be
applied offset to the rotor axis. 25       Figure 13 discloses a curved
channel in the Coriolis rotor 314 having a force vector         that is in
the same plane as the rotor axis 1304. This being the case, the force
vector         due to this channel curvature has no influence on the rotor
rotation. On the other         hand, if a radial hole such as 312 in the
Coriolis rotor of Figure 8 were curved such         that the curvature were
in the plane of the rotor and thus visible in Figure 8, the 30    resultant
force vector would not intersect with the center axis of the Coriolis rotor
and         would therefore create a resultant torque that would give the
Coriolis rotor an angular 



displacement with respect to the outer rotor.
27     since due to bearing losses and fluid viscosity losses, the
tangential velocity V[err] of the rotor is smaller than that for the
frictionless case and therefore V[err] is less than V[err]. This permits
the fluid velocity to move to the right on Figure 10 and through opening
327 of exit port 302 and out of the flowmeter. The mechanical details of
how the embodiment of Figure 10 is connected to housing 301 is not shown on
Figure 10 since such details are similar to that shown on Figures 3-7.
MOTOR ASSIST JET MODE - FIGURE 10     The jet rotor embodiment of Figure 10
has advantages, for some applications, over the previous embodiments
because the fluid travels radially outward and thus centrifugal force
enhances fluid flow and reduces pressure drop. The primary source of
pressure drop in the jet mode embodiment of Figure 10 is that due to the
fluid acceleration in the jets 1003 of outer rotor 1001. The acceleration
can be made low with a large jet area. This results in low rotor rpm and
low pressure drop at high flow rates. This is good for applications where
the flow rate 



alternates between high flow and zero flow, such as truck loading or
custody transfer. Unfortunately, this design results in poor performance at
low flow rates.     The low flow rate performance is poor because of the
low rotor speed. The rotor speed effects accuracy in two ways. The first is
obvious. At very low flows the drag forces become greater than the thrust
forces and the rotor stops. No periodic wave output from coils 323 and 324
(Figure 3) means no flow measurement is possible. The second way that rotor
rpm affects accuracy is more subtle. Equation 25 shows that the time delay
between periodic waves from coils 323 and 324 is independent of rpm. What
degrades at low rpm is the signal to noise ratio.     Noise on the time
delay measurement can be either electrical or mechanical in origin. An
example of mechanical source noise is the small angular oscillation of the
Coriolis rotor that could occur as a result of ambient (pipeline) torsional
vibration. The oscillation would-result in uncertainty in the rotor phase
angle that results from the Coriolis force. Electrical noise on the output
signals would also result in additional uncertainty in the phase angle. At
low flow rates it can be assumed that the noise is independent of flow
rate. The equation for the time delay, from Eq. 24, is shown below taking
into account noise.    



WO 96/29574
PCT/US96/03280            It is well known that:          Eq. 37
[err]    5    where           p =fluid density           F[err]=thrust
force of jet           V[err] =jet fluid velocity change
A[err]=jet area 10            From equation 4, torque is defined as:  



Eq. 37.1                             [err] =RF         where 15
F=force            R=distance            Substituting equation 37 into
equation 37.1, one gets:           Eq. 38                      [err]  20
where            T[err]= drive torque            R2 = rotor outer radius =
radius to jet   25       From equation 9:            Eq. 39
[err]VA=[err]              Substituting equation 39 into equation 38, one
obtains:  



Eq. 40              [err]=MV[err]R[err]=jet drive torque  30
29         One method of overcoming these inherent low flow problems in the
jet mode meter of Figure 10, is to extend axle 331 (not shown) through
fluid containment housing 301 and rotate outer rotor 1001 with a motor in
the manner shown on Figure 17 where motor 1701 is connected to axle 331.
Rotor 1001 can then be spun rapidly even at low flow rates and the time
delay, T, remains unchanged while signal noise is greatly reduced. At high
flow rates, the thrust from the fluid jets provides most of the spinning
power and the power required of the motor is low.     Prior art rotary
Coriolis flow meters had motor drives and measured torque at the drive
motor to determine the Coriolis torque on a single rotor. They were 



therefore affected by bearing drag, seal drag, and viscous drag on the
rotor. These drags produced error in the flow measurement. The present
invention, because of its rotor within a rotor design, isolates the
Coriolis measuring rotor from the above mentioned sources of drag resulting
in a much more accurate meter.     In summary, the jet mode of Figure 10
with motor assist is a meter that can accurately measure over a wide range
of flows. Furthermore, at high flow rates it has low fluid pressure drop
and low power consumption.                CURVED HOLE EMBODIMENT OF FIGURE
13     Figure 13 discloses a flowmeter somewhat similar to that shown on
Figure 6 in that it comprises a shear decoupler 342, an outer rotor 307, a
Coriolis rotor 314, axle 331 for the outer rotor and torsional axle 329 for
Coriolis rotor 314. On Figure 6, holes 312 in Coriolis rotor 314 and holes
309 in outer rotor 307 are radial. In contrast, on Figure 13, hole 1302 in
Coriolis rotor 314 is curved as is hole 1301 in outer rotor 307. The
curvature of holes 1302 and 1301 have no influence on the rotation of the
two rotors nor on the angular displacement of Coriolis rotor 314 with
respect to outer rotor 307. The reason for this is that any force vector
generated by the curvature of hole 1302 such as, for example, force vector
1306 is in the same plane that contains the axis 1304 of the rotor system.
Vector 1306 therefore can have no influence on the rotation of the rotor
system. By way of distinction, any curvature of hole 312 of Coriolis rotor
314 on Figure 7 would 



produce a force vector that is not in the plane of the center axis of the
rotor system and therefore, the resulting force vector would have an
influence on the rotation of the rotor system of Figure 7. The apparatus of
Figure 13 is shown only in a skeletonized     manner since it is identical
to that shown in Figure 6 except for the curvature of holes 1302 and 1301
in Coriolis rotor 314 and outer rotor 307 respectively.     The details of
how outer rotor 307 and Coriolis rotor 314 are connected by shafts and the
like to housing are not shown on Figure 13 since they are similar to that
shown on Figures 3-7.              AXIAL INLET AND OUTLET - FIGURES 11 AND
12     Figures 11 and 12 disclose an inline rotary Coriolis mass flowmeter
1100 having a fluid inlet 1102 and a fluid outlet 1106 coaxial with the
center axis of the rotor system of the flowmeter. Flowmeter 1100 further
includes fluid containment housing 1101 and fluid housing cover 1104 which
is fastened to fluid containment housing 1101 by means of screws 1117. The
flowmeter elements contained within the fluid containment housing 1101
include an outer rotor 1114 mounted on a central shaft 1123, a Coriolis
rotor (not shown) recessed within outer rotor 1114 



and having a torsion bar axle (not shown) recessed within axle 1123. Outer
rotor 1114 includes a plurality of holes 1116 which cooperate with
corresponding holes in the Coriolis rotor. The fluid exit port 1106 is
recessed within sleeve 1108 which is fastened to housing cover 1104 by
means of screws (not shown). Axle 1123 is retained within element 1112 by
means of bearings 1121 and 1119 and circlip 1122 on the left hand of shaft
1123 as shown on Figure 11.      In use, fluid enters the flowmeter 1100
via opening 1103 and is directed by elements 1111, 1112 and 1113 to the
periphery of outer rotor 1114 and its holes 1116. Channels 1113 in elements
1111 and 1112 are curved as shown in Figure 12 so that the axial fluid flow
entering opening 1103 is converted to a tangential flow as it exits channel
1113 and enters fluid chamber 1124 which comprises the space between the
outer periphery of outer rotor 1114 and the inner surface of fluid
containment housing 1101. By virtue of channels 1113, fluid enters chamber
1124 so that its flow is tangential with respect to the periphery of the
outer rotor 1114. This tangential fluid velocity causes the rotor system,
including outer rotor 1114, to rotate about its axle 1123. Fluid enters
holes 1116 in the same manner as described for the preceding embodiments
including the embodiments of Figure 3 and 7. Thus, fluid enters holes 1116
of the spinning outer rotor 1114, passes through corresponding holes in the
Coriolis rotor (not shown) and exits the flowmeter by means of an element
comparable  



to shear decoupler 342 and 343 of Figure 3. From there, the fluid flows to
the right on Figure 11 through fluid outlet 1106 and its opening 1107.
Elements 1111 and 1112 contain channels 1113 which convert the axial fluid
incoming flow from inlet opening 1103 to a fluid direction that is
tangential with respect to the outer periphery of the outer rotor 1114.
Element 1111 is affixed to element 1112 by means of the screws 1118.
Element 1111 may be detached from element 1112 by screws 1118 when it is
desired for maintenance reasons to replace or inspect bearings 1119 and
1121. Screws 1161 on Figure 12 secure housing 1101 to element 1112.
Coils 1131 and 1132 cooperate with magnets (not shown) in the outer rotor
1114 and Coriolis rotor to generate output signals used by meter
electronics 1140 to measure the mass flow rate and other information.
The embodiment of Figures 11 and 12 may also be provided with a pin similar
to pin 402 (Figure 4) to limit the angular rotation of the Coriolis rotor
with respect to the outer rotor 1114. This pin may extend between the outer
rotor and into an opening of the outer rotor 1114 similar to opening 401.
JET POWERED IN-LINE COAXIAL FLOWMETER - FIGS. 14, 15.16 AND 19     All of
the previously discussed embodiments, except for that on Figures 11 



and 12, disclose a flowmeter having one fluid port in the axial direction
and one in the tangential direction. It is often desirable from a cost of
installation perspective to have the two fluid ports (inlet/outlet)
coaxial. A coaxial embodiment is shown in Figures 14, 15, 16, and 19 as
having a rotor housing comprising a housing base 1401 and a housing cover
1407 which are bolted together at their flanges 1402 and 1408 by means of
bolts or the like extended through holes 1419. Housing cover 1407 has a
cylindrical inlet 1404 and opening 1406 which receives fluid from a supply
pipe (not shown). Housing base 1401 includes a cylindrical outlet 1403
having an opening 1519 shown on Figure 15.     The flowmeter of Figure 14
further includes outer rotor cover 1409, fluid shear decoupler 1411,
Coriolis rotor 1412, and outer rotor 1414. In the same manner as for the
described embodiments, Coriolis rotor 1412 is coaxial with and fits within
a recess of outer rotor 1414. Fluid shear decoupler 1411 is coaxial with
and fits within a recess in Coriolis rotor 1412. Fluid shear decoupler 1411
is affixed, as subsequently described, to outer rotor 1414 and rotates
about central axis 1434 in                                          35  



WO 96/29574                             PCT/US96/03280             One
method of overcoming these inherent low flow problems in the jet mode meter
of Figure 10, is to extend axle 331 through fluid containment housing 301
and rotate        outer rotor 1001 with a motor in the manner shown on
Figure 17 where motor 1701        is connected to axle 331. Rotor 1001 can
then be spun rapidly even at low flow rates  5    and the time delay, T,
remains unchanged while signal noise is greatly reduced. At        high low
rates, the thrust from the fluid jets provides most of the spinning power
and        the power required of the motor is low.            Prior art
rotary Coriolis flow meters had motor drives and measured torque at the
drive motor to determine the Coriolis torque on a single rotor. They were
therefore 10    affected by bearing drag, seal drag, and viscous drag on
the rotor. These drags        produced error in the flow measurement. The
present invention, because of its rotor        within a rotor design,
isolates the Coriolis measuring rotor from the above mentioned 



sources of drag resulting in a much more accurate meter.            In
summary, the jet mode of Figure 10 with motor assist is a meter that can 15
accurately measure over a wide range of flows. Furthermore, at high flow
rates it has         low fluid pressure drop and low power consumption.
CURVED HOLE EMBODIMENT OF FIGURE 13            Figure 13 discloses a
lowmeter somewhat similar to that shown on Figure 6 in that         it
comprises an outer rotor 307, a Coriolis rotor 314, axle 331 for the outer
rotor and 20    torsional axle 329 for Coriolis rotor 314. On Figure 6,
holes 312 in Coriolis rotor 314         and holes 309 in outer rotor 307
are radial. In contrast, on Figure 13, hole 1302 in         Coriolis rotor
314 is curved as is hole 1301 in outer rotor 307. The curvature of holes
1302 and 1301 have no influence on the rotation of the two rotors nor on
the angular         displacement of Coriolis rotor 314 with respect to
outer rotor 307. The reason for this 25    is that any force vector gerated
by the curvature of hole 1302 such as, for example,         force vector
1306 is in the same plane that contains the axis 1304 of the rotor system.
Vector 1306 therefore can have no influence on the rotation of the rotor
system. By         way of distinction, any curvature of hole 312 of
Coriolis rotor 314 on Figure 7 would         produce a force vector that is
not in the plane of the center axis of the rotor system 30    and
therefore, the resulting force vector would have an influence on the
rotation of the         rotor system of Figure 7. The apparatus of Figure
13 is shown only in a skeletonized   



33          Fluid shear decoupler 1411 includes a plurality of fins 1423
with the space between the fins forming fluid channels 424. Housing base
1401 and housing cover 1407 are each essentially funnel shaped. The large
end of each is sufficiently large so as to leave an annular space between
its inner surface and outer rotor 1414. Fluid exits outer rotor 1414 with
little angular velocity into the annular space between it and housing base
1401. The difference between the inline flowmeter embodiments of Figures 11
and 12 as compared to Figures 14 through 16 and 19 is that the incoming
fluid in the embodiments of Figures 11 and 12 is given the angular momentum
required to spin the outer rotor 1114 before entering the periphery of the
outer rotor. The incoming fluid is given angular momentum by channels 1113
formed in the surface of bearing housing 1111 and element 1112. Channels
1113 accomplish this function by their orientation as like a screw thread.
In the embodiments of Figures 14 through 16 and 19, however, the fluid
enters center of the fluid shear decoupler 1411 with no angular momentum.
The Coriolis and outer rotors are rotated by the thrust of the exiting 



fluid upon the outer rotor as the fluid is forced to change directions. The
thrust mechanism is the same as that described for the embodiment of Figure
10.     Figures 15, 16 and 19 together disclose further details of the
embodiment of Figure 14. Figure 15 comprises a cutaway view taken along the
line 15-15 of Figure 16. Figure 16 is a cross sectional view taken along
line 16-16 of Figure 15.     Beginning at its center, Figure 16 discloses
the end of torsional axle 1413 surrounded by surface 1514 of Coriolis rotor
1412 which is surrounded by a section of fluid shear decoupler boss 1512.
This is positioned within the confines of Coriolis rotor 1412. Fluid shear
decoupler 1411, as shown on Figure 15, comprise the tip or nose 1511 of a
conically shaped boss 1512 whose contoured outer surface 1510 on Figure 15
is attached to edges of fins 1423. The space between fins 1423 comprises
channels 1424. As is best seen on Figure 15, the fluid flow receied by
channels 1424 is redirected  by the contoured surface 1510 (Fig. 16) of
boss 1512 from an axial flow to a radial flow as the fluid travels downward
on Figure 15. The fluid is also made to rotate by the fins, 1423, affixed
to the rotating conical boss, 1512. This rotating radial fluid flow exits
surface 1510 of boss 1512 on Figure 15 and enters the vicinity of the
rectangular holes 1422 in Coriolis rotor 1412 as best shown on Figure 16.
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PCT/US96/03280          to shear decoupler 342 and 343 of Figure 3. From
there, the fluid flows to the right         on Figure 11 through fluid
outlet 1106 and its opening 1107.            Elements 1111 and 1112 contain
channels 1113 which convert the axial fluid        incoming flow from inlet
opening 1103 to a fluid direction that is tangential with respect  5    to
the outer periphery of the outer rotor 1114. Element 1111 is affixed to
element 1112        by means of the screws 1118. Element 111 may be
detached from element 112 by        screws 118 when it is desired for
maintenance reasons to replace or inspect bearings        1119 and 1121.
Coils 1131 and 1132 cooperate with magnets (not shown) in the outer rotor
1114 10    and Coriolis rotor to generate output signals used by meter
electronics 1140 to        measure the mass flow rate and other
information.            The embodiment of Figures 11 and 12 may also be
provided with a pin similar to        pin 402 (Figure 4) to limit the
angular rotation of the Coriolis rotor with respect to the        outer
rotor 1114. This pin may extend between the outer rotor and into an opening



15    of the outer rotor 1114 similar to opening 401.           JET POWERED
IN-LINE COAXIAL FLOWMETER - FIGS. 14, 15, 16 AND 19           All of the
previously discussed embodiments, except for that on Figures 11 and 12,
disclose a flowmeter having one fluid port in the axial direction and one
in the         tangential direction. It is often desirable from a cost of
installation perspective to have 20    the two fluid ports (inlet/outlet)
coaxial. A coaxial embodiment is shown in Figures 14,         15, 16, and
19 as having a rotor housing comprising a housing base 1401 and a
housing cover 1407 which are bolted together at their flanges 1402 and 1408
by         means of bolts or the like extended through holes 1419. Housing
cover 1407 has a         cylindrical inlet 1404 and opening 1406 which
receives fluid from a supply pipe (not 25    shown). Housing base 1401
includes a cylindrical outlet 1403 having an opening 1519         shown on
Figure 15.            The flowmeter of Figure 14 further includes outer
rotor cover 1409, fluid shear         decoupler 1411, Coriolis rotor 1412,
and outer rotor 1414. In the same manner as         for the priorly
described embodiments, Coriolis rotor 1412 is coaxial with and fits 30
within a recess of outer rotor 1414. Fluid shear decoupler 1411 is coaxial
with and         fits within a recess in Coriolis rotor 1412. Fluid shear
decoupler 1411 is affixed, as         subsequently described, to outer
rotor 1414 and rotates about central axis 1434 in
35 



through the flat surfaces 1516, 1524 of the Coriolis rotor are sufficiently
larger than the diameter of the legs 1518 so as to allow limited anguar
displacement of the Coriolis rotor with respect to the outer rotor and
shear decoupler. Except for these openings in the base surfaces 1516 and
1524 of Coriolis rotor 1412, the base of Coriolis rotor 1412 consists
essentially of a flat circular disk element (not shown) to which fins 1432
of Coriolis rotor 1412 are affixed. Fins 1432 of Coriolis rotor 1412 extend
between the flat base area on their bottom and on their top are connected
to the partially conical element 1436 of the Coriolis rotor. The junction
of the lower extremity of the conical element 1436 and a fin 1432 of
Coriolis rotor 1412 is shown on Figure 15. On Figure 15, the lower portion
of fins 1432 are shown connected to base surface 1516 of the Coriolis
rotor.     Torsional axle 1413 is shown on Figure 15 with its upper end
being affixed rigidly to element 1524 of Coriolis rotor 1412 and with its
lower end 1504 being affixed by set screw 1529 to the lower end of axle
1416. Torsional axle 1413 extends through bearing 1526 at the upper end of
axle 1416. Axle 1416 is shown rigidly affixed to portion 1522 of outer
rotor 1414. Axle 1416 extends through bearing 1506 of boss 1429 and extends
downwardly on Figure 15 and terminates 



in bearing 1427. The lower extremity of axle 1416 is extended through
bearing 1427 and terminates in open area 1503 which comprises an inner
portion of the conical element 1426. Conical element 1426 is affixed to
element 1433 by means of holes 1501 which receive screws to hold the two
elements together. Circlip 1523 holds axle 1416 in place.     The upper
portion on Figure 15 of the housing cover 1407 includes seal 1532 which is
positioned between housing cover 1407 and rotor cover 1409 in order to
prevent leakage between these two elements. The embodiment of Figures 14
-16 and 19 also includes coils 1533 and 1534 (shown on Figure 19) which
cooperate with magnets 1536 and 1537 in order to enable the angular offset
of the Coriolis rotor 1412 with respect to the outer rotor 1414 to be
determined in the same manner as discussed with respect to the embodiment
of Figures 3 -7.     Figure 19 discloses further details of a portion of
the apparatus shown in Figure 15. In particular, Figure 19 represents an
enlargement of the upper left quadrant of Figure 15.       
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of fins 1423 with the space between        the fins forming fluid channels
1424. Housing base 1401 and housing cover 1407        are each essentially
funnel shaped. The large end of each is sufficiently large so as        to
leave an annular space between its inner surface and outer rotor 1414.
Fluid exits  5    outer rotor 1414 with little angular velocity into the
annular space between it and        housing base 1401. The difference
between the inline flowmeter embodiments of        Figures 11 and 12 as
compared to Figures 14 through 16 and 19 is that the incoming        fluid
in the embodiments of Figures 11 and 12 is given the angular momentum
required to spin the outer rotor 1114 before entering the periphery of the
outer rotor. 10    The incoming fluid is given angular momentum by channels
1113 formed in the surface         of bearing housing 1111 and element
1112. Channels 1113 accomplish this function         by their orientation
as like a screw thread. In the embodiments of Figures 14 through         16
and 19, however, the fluid enters center of the fluid shear decoupler with
no angular         momentum. The Coriolis and outer rotors are rotated by
the thrust of the exiting fluid 15    upon the outer rotor as the fluid is
forced to change directions. The thrust mechanism         is the same as
that described for the embodiment of Figure 10.             Figures 15, 16
and 19 together disclose further details of the embodiment of Figure 



14. Figure 15 comprises a cutaway view taken along the line 15-15 of Figure
16.         Figure 16 is a cross sectional view taken along line 16-16 of
Figure 15. 20         Beginning at its center, Figure 16 discloses the end
of torsional axle 1413         surrounded by surface 1514 of Coriolis rotor
1412 which is surrounded by a section         of fluid shear decoupler boss
1512. This is positioned within the confines of Coriolis         rotor
1412. Fluid shear decoupler 141 1, as shown on Figure 15, comprise the tip
or         nose 1511 of a conically shaped boss 1512 whose contoured outer
surface 1510 on 25    Figure 15 is attached to edges of fins 1423. The
space between fins 1423 comprises         channels 1424. As is best seen on
Figure 15, the fluid flow received by channels         1424 is redirected
by the contoured surface 1510 (Fig. 16) of boss 1512 from an axial
flow to a radial flow as the fluid travels downward on Figure 15. The fluid
is also made         to rotate by the fins, 1423, affixed to the rotating
conical boss, 1512. This rotating 30    radial fluid flow exits surface
1510 of boss 1512 on Figure 15 and enters the vicinity         of the
rectangular holes 1422 in Coriolis rotor 1412 as best shown on Figure 16.
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manner as shown for the embodiment of Figure 3. A fluid shear decoupler 342
having holes 343 in a center recess of the Coriolis rotor, but attached in
the manner shown on Figure 3 to a outer rotor cover plate (not shown on
Figs. 17 and 18) so as to rotate in unison with outer rotor 307. The shear
decoupler 342 includes holes 343 in the same manner as shown on Figure 3.
The purpose of shear decoupler 342 is to receive fluid having an axial flow
through opening 337 and transform this axial fluid flow into rotating
radial fluid flow that is applied to radial holes 312 of Coriolis rotor
314. The Coriolis rotor is relatively narrow in width in the embodiment of
Figure 18 as to compared to the prior embodiments while the width of the
outer rotor 307 is relatively wide compared to the previously discussed
embodiments.     The fluid inlet in the embodiment of Figure 18 is similar
to the embodiment of Figure 10 in that the received fluid is applied to the
opening 337 of fluid inlet 304 and exits the fluid containment housing via
opening 302 of opening 327.      Figure 17 is somewhat similar to Figure 6
in that it shows the details of how the torsional axle 329 connected to the
Coriolis rotor and how the axle 331 connected to the outer rotor 307 are
connected to the various elements of the flowmeter fluid containment
housing in the same manner as described for Figure 6. Figure 17 shows motor
1701 connected to axle 331 which, in the same manner as shown on Figure 6,
is connected to outer rotor 307. Torsional axle 329 serving Coriolis rotor 



314 in the same manner as shown on Figure 6 is recessed within the center
of axle 331 and is rigidly affixed on its left hand end, as shown on Figure
17, to axle 331 by means of set screw 332. Thrust bearing 334 and circlip
339 retain outer axle 331 within the fluid containment housing 301 and its
bearing cap 336.     Motor 1701 provides the necessary torque to rotate the
rotor system counterclockkwise as shown on Figure 18. Holes 309 in outer
rotor 307 are curved in the manner shown on Figure 18 so as to improve the
efficiency of outer rotor 307 as a fluid pump when the rotor system is
rotated counterclockwise by motor 1701. Holes 312 in Coriolis rotor 314 are
radial in the same manner as shown for the prior embodiments so as to
increase the efficiency of the Coriolis motion detection by Coriolis rotor
314 as the rotor system spins clockwise in Figure 18 under the influence of
motor 1701. The inner terminus of holes 312 of the Coriolis rotor are
connected to holes 343 in the fluid shear decoupler 342 which, in the same
manner as        



described, isolates holes 312 of Coriolis rotor 314 from the axial fluid
flow received by the flowmeter via opening 337 of fluid inlet 304.     The
rotation of the rotor system about axle 331 by motor 1701 causes the
material received by inlet 304 to pass through holes 343 in the shear
decoupler 342, through radial holes 312 in the Coriolis rotor 314 to holes
309 of the outer rotor 307. The rotation of outer rotor 307 and the
curvature of its holes 309 provides an efficient pumping of the received
fluid which exits the flowmeter via opening 302 of fluid exit 327. The flow
of the fluid outward from the center portion of the Coriolis flowmeter
through its holes 312 to outer rotor 307 causes each elemental portion of
the fluid in radial holes 312 to assume an increasing angular velocity as
it flows outwards further from the center of the flowmeter. As described in
connection with Figures 1 and 2, this tangential acceleration exerts
clockwise force on the Coriolis rotor and the walls of its holes 312. The
walls of holes 312 provide the force to the fluid necessary to impart to it
the increased tangential velocity. This force on the walls of holes 343
causes the Coriolis rotor 314 to lag the rotation of the outer rotor 307
and, in so doing, to assume a clockwise angular displacement from the outer
rotor 307. This angular displacement of the Coriolis rotor 314 is permitted
by the flexing capabilities of the torsional axle 329.      In the same
manner as shown on Figures 3, 4, 5, and 6, the apparatus of Figures 17 and
18 is provided with magnets (not shown) embedded in the Coriolis rotor 314
and outer rotor 307 and cooperating coils comparable to coils 323 and 



324 of Figure 3. These elements cooperate in the manner described to detect
the amount by which the Coriolis rotor 314 is angularly offset with respect
to the outer rotor 307. This angular offset is indicative of the mass flow
rate of the material delivered by the pump of Figures 17 and 18 to an
external pipeline or the like (regarding the not shown). The mass flow rate
is derived by meter electronics in response to the signals applied to it
from coils 323 and 324 - Stop pin 402 and opening 401 limit the angular
offset of the Coriolis rotor 314 with respect to outer rotor 307.
CHANGING FLOWRATES     The previous calculations have all been done under
the assumption of equilibrium conditions. These conditions exist when the
flow rate is constant and the rotor has had time to come up to speed.
During transient conditions torque is required to         
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PCT/US96/03280             Shown on Figure 19 are fins 1432 and 1431 of
Coriolis rotor 1412 and outer rotor        1414 respectively. These fins
are shown positioned within housing cover 1407. Outer        rotor cover
1409 is shown adjacent the top portions of fins 1431 and 1432 with outer
rotor cover 1409 being affixed to element 1437 and the top of fins 1431 so
that it  5    rotates in unison with the rotation of outer rotor 1414.
Magnet 1536 is shown        embedded in the top of Coriolis rotor fin 1432
while magnet 1537 is shown embedded        in outer rotor cover 1409.
Magent 1536 cooperates with coil 1533 while magnet 1537        cooperates
with coil 1534. Both coils are shown affixed to housing cover 1407. The
rotation of these magnets past their respective coils as their respective
rotors rotate 10    permits the angular rotation of Coriolis rotor 1412
with respect to outer rotor 1414 to         be determined and, in turn,
permits the mass flow rate of the material flowing through         the
flowmeter to be derived. Wires 1941 and 1942 of coils 1534 and 1533 are
connected to meter electronics 1943 which operates as does meter
electronics 1351         to generate mass flow and other information for
the flowing fluid. 15       Also shown on Figure 19 are fins 1423 and
openings of channels 1424 of the fluid         shear decoupler 1411.
Further shown on Figure 19 is the tip 1511 and curved surface         1510
of boss 1512 which comprises the lower portion of the fluid shear decoupler
1411. Further shown on Figure 19 is element 1522 which is a portion of the
outer         rotor 1414 and which is shown connected to the lower portion
of fin 1431. Also, the 



20    lower portion of fin 1432 of Coriolis rotor 1412 is shown connected
to base surface         1516 of the Coriolis rotor.                  MOTOR
DRIVEN JET PUMP/FLOWMETER - FIGS. 17 AND 18             Figures 17 and 18
disclose a motor driven embodiment of the invention which         performs
the dual function of a pump and a Coriolis flowmeter for measuring the mass
25    flow rate of the fluid output of the pump. This embodiment is
similar, in some         respects, to the embodiment of Figure 10 as well
as to the embodiment of Figures 3,         4, 5, 6, and 7. Figures 17 and
18 are marked with reference numbers identical to the         apparatus
previously described on other figures that performs a similar function to
the         elements so numbered on Figures 17 and 18. 30       The
apparatus of Figures 17 and 18 comprises a fluid containment housing 301
having an outer rotor 307 positioned within a recess of the fluid
containment housing         and a Coriolis rotor 314 positioned within a
recess in the outer rotor in the same
40       
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PCT/US96/03280         manner as shown for the embodiment of Figure 3. A
fluid shear decoupler 342 having        holes 343 in a center recess of the
Coriolis rotor, but attached in the manner shown        on Figure 3 to a
outer rotor cover plate (not shown on Figs. 17 and 18) so as to rotate
In unison with outer rotor 307. The shear decoupler 342 includes holes 343
in the  5    same manner as shown on Figure 3. The purpose of shear
decoupler 342 is to        receive fluid having an axial flow through
opening 337 and transform this axial fluid flow        into rotating radial
fluid flow that is applied to radial holes 312 of Coriolis rotor 314.
The Coriolis rotor is relatively narrow in width in the embodiment of
Figure 18 as to        compared to the prior embodiments while the width of
the outer rotor 307 is relatively 10    wide compared to the previously
discussed embodiments.            The fluid inlet in the embodiment of
Figure 8 is similar to the embodiment of Figure         10 in that the
received fluid is applied to the opening 337 of fluid inlet 304 and exits
the         fluid containment housing via opening 302 of opening 327.
Figure 17 is somewhat similar to Figure 6 in that it shows the details of
how the 15   torsional axle 329 connected to the Coriolis rotor and how the
axle 331 connected to         the outer rotor 307 are connected to the
various elements of the flowmeter fluid         containment housing in the
same manner as priorly described for Figure 6. Figure 17 



shows motor 1701 connected to axle 331 which, in the same manner as shown
on         Figure 6, is connected to outer rotor 307. Torsional axle 329
serving Coriolis rotor 314 20    in the same manner as shown on Figure 6 is
recessed within the center of axle 331         and is rigidly affixed on
its left hand end, as shown on Figure 17, to axle 331 by means         of
set screw 332. Thrust bearing 334 and circlip 339 retain outer axle 331
within the         fluid containment housing 301 and its bearing cap 336.
Motor 1701 provides the necessary torque to rotate the rotor system 25
counterclockwise as shown on Figure 18. Holes 309 in outer rotor 307 are
curved in         the manner shown on Figure 18 so as to improve the
efficiency of outer rotor 307 as         a fluid pump when the rotor system
is rotated counterclockwise by motor 1701.         Holes 312 in Coriolis
rotor 314 are radial in the same manner as shown for the prior
embodiments so as to increase the efficiency of the Coriolis motion
detection by 30    Coriolis rotor 314 as the rotor system spins clockwise
in Figure 18 under the influence         of motor 1701. The inner terminus
of holes 312 of the Coriolis rotor are connected to         holes 343 in
the fluid shear decoupler 342 which, in the same manner as priorly
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1.    A Coriolis flowmeter comprising:               a fluid containment
housing (301);               an outer rotor (307) positioned within said
housing and having a center axis of rotation,               a recess (341)
in said outer rotor coaxial with said center axis of rotation;
Coriolis detection means (314) at least a part of which is positioned in
said recess and having a center of rotation coaxial with said center axis
of rotation;               shaft means (329,331) allowing rotation of both
said outer rotor and said Coriolis detection means about said center axis
of rotation;               a plurality of holes (312) in said Coriolis
detection means with each of said holes extending from the outer periphery
of said Coriolis detection means to a center area of said Coriolis
detection means;               a plurality of holes (309) in said outer
rotor with each of said holes extending from the outer periphery of said
outer rotor to said recess of said outer rotor with at least some of said
holes in said outer rotor being in fluid communication alignment with at
least some of said plurality of said holes (312) in said Coriolis detection
means;               a fluid inlet (302) on said fluid containment housing
for applying received 



fluid to the interior of said fluid containment housing so as to be applied
tangentially to the outer circumference of said outer rotor and in a
direction perpendicular to the center axis of rotation;               a
fluid outlet (304) on said fluid containment housing;               said
outlet being coaxial with said center axis of rotation;               the
arrangement being such that fluid received by said inlet enters the holes
of the outer rotor and passes radially inwardly through the holes of said
outer rotor and said Coriolis detection means and exits on said center axis
through said fluid outlet of said flowmeter causing rotation of said rotor
and Coriolis detection means using energy derived from the fluid as it
flows through the holes in said rotor and said Coriolis detection means;
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means (329) responsive to Coriolis forces generated by said fluid passage
and to said rotation of said outer rotor and said Coriolis detection means
for causing said Coriolis detection means to assume an angular offset from
said outer rotor about said center axis of rotation;               means
arranged to provide output signals (324, 323) indicative of the magnitude
of said angular offset; and               means (351) arranged to receive
said signals to derive the mass flow rate of said flowing fluid.         2.
A Coriolis flowmeter comprising:               a fluid containment housing
(301);               an outer rotor (1001) positioned within said housing
and having a center axis of rotation,               a recess (341) in said
outer rotor coaxial with said center axis of rotation;
Coriolis detection means (314) at least a part of which is positioned in
said recess and having a center of rotation coaxial with said center axis
of rotation;               shaft means (329, 331) allowing rotation of both
said outer rotor and said Coriolis detection means about said center axis
of rotation;               a fluid outlet (327) on said fluid containment
housing;               a plurality of holes (312) in said Coriolis
detection means with each of said holes extending from the outer periphery
of said Coriolis detection means to a center 



area of said Coriolis detection means;               a fluid inlet
(304,337) on said fluid containment housing for applying fluid coaxially
with said center axis to the center area of said Coriolis detection means;
a plurality of holes (1002) in said outer rotor with each of said holes
extending from the outer periphery of said outer rotor to said recess of
said outer rotor with at least some of said holes in said outer rotor being
in fluid communication alignment with at least some of said plurality of
said holes (312) in said Coriolis detection means with the holes having a
substantially 90[err] bend at the
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outer ends thereof so that the fluid exits therefrom substantially
tangentially to the outer circumference of said rotor in a direction
perpendicular to the center axis of said rotor;               the
arrangement being such that fluid received by said inlet passes radially
outward through said holes of said Coriolis detection means and said rotor
to said fluid outlet of said flowmeter and exits said outer rotor
tangentially causing rotation of the rotor and Coriolis detection means
using energy derived from the fluid as it flows through the holes of the
Coriolis detection means and the rotor;               means (329)
responsive to Coriolis forces generated by said fluid passage and to said
rotation of said outer rotor and said Coriolis detection means for causing
said Coriolis detection means to assume an angular offset from said outer
rotor about said center axis of rotation;               means arranged to
provide output signals (324, 323) indicative of the magnitude of said
angular offset; and               means (351 ) arranged to receive said
signals to derive the mass flowrate of said flowing fluid.        3.    The
flowmeter of claims 1 or 2 wherein said Coriolis detection means comprises
a Coriolis rotor.        4.    The flowmeter of claim 3 wherein:
said fluid flow through said holes of said outer rotor and said Coriolis
rotor cause said outer rotor and said Coriolis rotor to rotate about said
center axis so that the tangential velocity of the outer periphery of said
outer rotor is substantially greater than 



the tangential velocity of said fluid at said outer periphery of said outer
rotor.         5.    The flowmeter of claim 3 wherein said means for
providing output signals comprises:                coils (323, 324)
positioned on said fluid containment housing;                magnets (316,
344) positioned on said Coriolis rotor and on said outer  rotor;
47    5010/028PCT                    said coils and said magnets being
effective-upon the rotation of said      Coriolis rotor for generating
periodic output signals having a phase difference      indicative of the
angular offset of said Coriolis rotor with respect to said outer rotor. 



6.    The flowmeter of claim 5 wherein:                   said coils
comprise a fixed coil (324) and a movable coil (323);
said magnets comprise a first set of magnets (344) positioned on a
cover of said outer rotor;  5                said magnets further comprise
a second set of magnets (316)      positioned on said Coriolis rotor.
7.   The flowmeter of claim 3 wherein said flowmeter further comprises
means (401, 402) for limiting the amount by which said Coriolis rotor can
be      angularly offset with respect to said outer rotor.               8.
The flowmeter of claim 7 wherein said means for limiting comprises:
a recess (401) in said Coriolis rotor;                    limit pin (402)
means having a first end positioned within said outer      rotor and having
a second end extending into said recess of said Coriolis rotor;  5
the cross-sectional area of said recess being effective to limit the
lateral movement of said limit pin means in said recess and, in turn, limit
the 



angular rotation of said Coriolis rotor with respect to said outer rotor.
9.   The flowmeter of claim 7 wherein said means for limiting comprising
a first means (402) on said Coriolis rotor (314) and a second means (401)
on said      outer rotor (307) operatively connected to limit said angular
rotation of said Coriolis      rotor relative to said outer rotor.
10.  The flowmeter of claim 3 wherein said holes in said Coriolis rotor are
radial while said holes (801, 802) in said outer rotor are offset from
radial.    501 0/028PCT               11. The flowmeter of claims 1 and 2
wherein each of said holes in said      outer rotor include:
a right angle element having a first (803) and a second (804) opening
disposed substantially 90 degrees with respect to each other; 



5                said first opening (803) being substantially flush with an
inner      circumferential surface defining an inner periphery of said
recess of said outer rotor;                    said second opening (804)
being oriented substantially perpendicular      to the outer periphery of
said outer rotor and facing away from the direction of      tangential
fluid flow proximate the said outer periphery of said outer rotor.
12.  The flowmeter of claim 1 1 wherein:                    said fluid flow
through said holes of said outer rotor and said Coriolis      rotor cause
said outer rotor and said Coriolis rotor to rotate about said center axis
so that the tangential velocity of the outer periphery of said outer rotor
is  5  substantially greater than the tangential velocity of said fluid at
said outer periphery      of said outer rotor;                    said
second opening of each of said right angle elements being      effective to
scoop said fluid at said outer periphery of said outer rotor into the
interior of said right angle elements and through said holes of said
Coriolis rotor 10 and out of said fluid outlet of said flowmeter;
said right angle elements being effective to reduce the angular
rotational velocity of said outer rotor to reduce the pressure drop of said
fluid across      said meter.  



13.  The flowmeter of claim 2 wherein said holes in said outer rotor each
include;                    a first opening (312, 1002) positioned
substantially flush with an inner      circumferential surface defining the
inner extremity of said recess of said outer  5 rotor;                    a
second opening substantially flush with said outer periphery of said
outer rotor and curved with respect to said first opening to define a
jet-like opening      for each said hole in said outer periphery of said
outer rotor; and                                                .49
said second opening being effective to accelerate the flow of said fluid
out 



of said flowmeter via said fluid outlet.        14.   The flowmeter of
claims 1 and 2 wherein said flowmeter further comprises:               a
motor (1701 ) connected to said outer rotor for rotating both said outer
rotor and said Coriolis rotor about said axis of rotation at an increased
rotational velocity with respect to the rotational velocity caused by said
fluid flow;               both said outer rotor and said Coriolis rotor
being responsive to said increased rotational velocity for increasing the
pressure of said fluid in said holes and, in turn, the throughput of said
fluid through said flowmeter.        15.   The flowmeter of claim 14
wherein:               said holes (1801) in said outer rotor are curved so
as to decrease the velocity of the fluid exiting said outer rotor and said
Coriolis rotor to enhance the pumping of fluid through said outer rotor to
said fluid outlet.        16.   The flowmeter of claim 1 wherein:
both said fluid inlet (1102) and said fluid outlet (1106) are positioned
coaxial with said center axis of rotation of said outer rotor; and
said flowmeter further comprises means (11 11 .1 113) for receiving an
axial flow of said fluid from said fluid inlet and for redirecting the flow
of said received fluid to provide a fluid flow tangential to said outer
periphery of said outer rotor (1114).        17.   The flowmeter of claim 3
wherein:               both said fluid inlet (1406) and said fluid outlet
(1403) are positioned coaxial with said center axis of said rotors; and 



said flowmeter further comprises means (1422, 1421) for receiving an axial
flow of said received fluid from said fluid inlet and for directing the
flow of said received fluid through holes in said Coriolis rotor (1412) and
said outer rotor (1414)
50    5010/028PCT        to provide a fluid flow to said fluid exit
tangential to the outer periphery of said outer      rotor. 



18.  The flowmeter of claim 3 wherein said flowmeter further comprises:
a first axle (331) connecting a center of said outer rotor to said fluid
containment housing to allow said outer rotor to rotate about said center
axis of    5                 a longitudinal recess in said axle (331);
a torsion bar axle (329) fixably connected at one end to a center of
said Coriolis rotor and positioned at its other end within said
longitudinal recess in      said first axle;                    means (332)
fixably connecting said other end of said torsion bar axle 10 to said first
axle;                    said Coriolis rotor being responsive to Coriolis
forces on said Coriolis      rotor due to the rotation of both of said
rotors as fluid flows through said holes in      said rotors for an
angularly movable said Coriolis rotor with respect to said outer      rotor
with said angular movement being controlled by the torsional
characteristics 15  of said torsion bar axle.               19.  The
flowmeter of claim 3 wherein said outer rotor (307) comprises a 



disc like end element (340) connected at its periphery to one side of a
ring element      containing said holes (309) of said outer rotor and
wherein said flowmeter further      comprises:  5                a circular
outer rotor cover plate (317) removably affixed to a second      side of
said ring element to seal-said recess in said outer rotor;
a hole in said outer rotor cover plate (317) for connecting to said fluid
outlet (304);                    a fluid shear decoupler (342) connected to
an inner surface of said 10 cover plate proximate said hole in said cover
plate for decoupling the rotational      velocity of said fluid in said
holes in said Coriolis rotor from a shear effect caused      by the non
rotational state of fluid in said fluid outlet of said flowmeter.
20.   The flowmeter of claim 19 wherein said fluid  decoupler (342)
comprises:               a substantially circular element having a cent r
hole (319);               said substantially circular element being affixed
to said inner surface of said 



cover plate (317) so that said center hole of said substantially circular
element is aligned with said center hole of said cover plate;
a plurality of holes (343) in the outer periphery of said substantially
circular element each being aligned with one of said holes in said Coriolis
rotor;               each of said holes in said outer periphery of said
substantially circular element being connected by one of a plurality of
curved channels to said center hole of said substantially circular element
to convert the motion of said fluid from a rotating radial state to an
axial state to decouple said Coriolis rotor from the shear effects of said
fluid.        21.   The flowmeter of claim 3 wherein:               both
said fluid inlet (1102) and said fluid outlet (1107) are positioned coaxial
with said center axis of rotation of said rotors;               said
flowmeter further comprising: a conical element (1111,1112) positioned
having its tip end adjacent said fluid inlet (1102);               spiral
channels (1113) on the periphery of said conical element extending from
said tip of said conical element to the opposite end of said conical
element positioned adjacent the outer periphery of said outer rotor (1114);
said conical element (1 1 1 1,1 1 12) and said channels (1 1 13) being
effective for receiving an axial flow of said fluid from said fluid inlet
and for redirecting the flow of said received fluid to provide a fluid flow
tangential to said outer periphery of said 



outer rotor;               said fluid being effective to now through said
holes (1116) in said outer rotor and said holes of said Coriolis rotor:
a fluid shear decoupler rotable in unison with said outer rotor about said
center axis of rotation and positioned within a recess of said Coriolis
rotor:                                             52
holes in said fluid shear decoupler extending from said holes in said
Coriolis rotor to said fluid exit of said flowmeter; and               said
holes in said fluid shear decoupler being responsive to said fluid flow for
converting a rotating radial fluid flow received from said holes of said
Coriolis rotor to an axial fluid flow applied to said fluid outlet. 



22.   The flowmeter of claim 3 wherein:               both said fluid inlet
(1406) and said fluid outlet (1403) are positioned coaxial with said center
axis of said rotors;               said flowmeter further comprising: a
conical element (1411) comprising part of a fluid shear decoupler
positioned so that its tip end is adjacent said fluid inlet (1406);
elongated fins (1423) each having an end affixed to the periphery of said
conical element and each having another end adjacent said fluid inlet;
said conical element being affixed to rotate in unison with said outer
rotor (1414);               said conical element and said fins being
effective for receiving an axial flow of said fluid from said fluid inlet
and for redirecting said flow to provide a rotating angular fluid flow to
the inner end of said holes (1421) of said Coriolis rotor;
said fluid being effective to flow through said holes (1422) in said
Coriolis rotor (1412) and said outer rotor for rotating both of said
rotors; and means (1401) for extending said fluids from said holes of said
outer rotor to said fluid exit of said flowmeter; and               means
(1518) for limiting the angular offset of said Coriolis rotor with respect
to said outer rotor (1414).        23.   The flowmeter of claim 3 in
combination with a fluid shear decoupler means (342) positioned
intermediate said Coriolis rotor (307) and said fluid exit (337); 



means (317) for rotating said fluid shear decoupler about said center axis
of rotation in unison with said outer rotor;
53                     means (343) on said fluid shear decoupler means for
receiving an angular fluid flow from said holes (312) of said Coriolis
rotor (314);              means on said fluid shear decoupler for
converting said angular fluid flow to an axial flow; and              means
(319) on said fluid shear decoupler for applying said axial fluid flow to
said fluid outlet.       24.   A method of operating a Coriolis flowmeter
comprising the steps of: 



extending a received fluid flow from a fluid inlet on a fluid containment
housing (301) and applied tangentially to an outer circumference of an
outer rotor (307) positioned within said housing and in a direction
perpendicular to a center axis of rotation of the outer rotor through holes
(309) in said outer rotor, as well as through holes in a coriolis detection
means (314) which has at least a part positioned in a recess (341) in said
outer rotor (307) and which has a center of rotation coaxial with said
center axis of rotation;              the arrangement being such that fluid
received by said inlet enters the holes of the outer rotor and passes
radially inwardly through the holes of said outer rotor and said Coriolis
detection means and exits on said center axis through a fluid outlet of
said flowmeter causing rotation of said rotor and Coriolis detection means
using energy derived from the fluid as it flows through the holes in said
rotor and said Coriolis detection means;              said Coriolis
detection means assuming an angular offset from said outer rotor about said
center axis of rotation in response to Coriolis forces generated by said
fluid extension and the concurrent rotation of said outer rotor and said
Coriolis detection means;              providing output signals (323,324)
indicative of the magnitude of said angular offset; and
responding to the reception of said signals to derive the mass flow rate of



said flowing fluid.                                            54
25.  A method of operating a Coriolis flowmeter comprising the steps of:
receiving fluid from a fluid inlet on a contaibement housing (301)
coaxially into a center area of a Coriolis detection means, at least part
of which is positioned in a recess in an outer rotor (1001) positioned in
said housing and having a centre axis of rotation, said Coriolis detection
means (314) having a centre of rotation coaxial with said centre axis of
rotation;               flowing said fluid through a plurality of holes
(312) in said Coriolis detection means with each of said holes extending
from the center area of said Coriolis detection means to the outer
periphery of said Coriolis detection means;               further flowing
said fluid through a plurality of holes (1002) in said outer 



rotor with each of said holes extending from the recess of said outer rotor
to the outer periphery of said outer rotor with at least some of said holes
in said outer rotor being in fluid communication alignment with at least
some of said plurality of said holes (312) in said Coriolis detection
means, the holes in said outer rotor having a substantially 90[err] bend at
the outer ends thereof so that the fluid exits therefrom substantially
tangentially to the outer circumference of said outer rotor in a direction
perpendicular to the center axis of said rotor;        15   the arrangement
being such that fluid received by said inlet passes radially outward
through said holes of said Coriolis detection means and said rotor to said
fluid outlet of said flowmeter and exits said outer rotor tangentially
causing rotation of the rotor and Coriolis detection means using energy
derived from the fluid as it flows through the holes of the Coriolis
detection means and the rotor;               said Coriolis detection means
assuming an angular offset from said outer rotor about said center axis of
rotation in response to Coriolis forces generated by said fluid flow and
the concurrent rotation of said outer rotor and said Coriolis detection
means;               providing output signals (323, 324) indicative of the
magnitude of said angular offset; and               responding to the
reception of said signals to derive the mass flow rate of said flowing
fluid.                                            55 



26.  The method of claims 24 or 25 wherein said Coriolis detection means
comprises a Coriolis rotor and wherein said method comprises the step of:
causing said outer rotor and said Coriolis rotor to rotate about said
center axis in response to said fluid flow through said holes of said outer
rotor and          
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5 said Coriolis rotor so that the tangential velocity of the outer
periphery of said outer      rotor is substantially greater than the
tangential velocity of said fluid at said outer      periphery of said
outer rotor.               27.  The method of claim 26 in combination with
the step (401, 402) of      limiting the amount by which said Coriolis
rotor can be angularly offset with respect      to said outer rotor.
28.  The method of claim 26 wherein said method comprises the steps of:
directing said fluid flow through a right angle element on the periphery
of said outer rotor;                    said right angle element having a
first (804) and a second (803)  5 opening disposed substantially 90 degrees
with respect to each other;                    said first opening being
substantially flush with an inner      circumferential surface defining an
inner periphery of said recess of said outer rotor;                    said
second opening being positioned near and oriented substantially
perpendicular to the outer periphery of said outer rotor and facing away
from the 10  direction of tangential fluid flow proximate to said outer
periphery of said outer rotor; 



extending said fluid flow from said right angle elements through said
holes of said Coriolis rotor to cause said outer rotor and said Coriolis
rotor to rotate      about said center axis of rotation so that the
tangential velocity of the outer      periphery of said outer rotor is
substantially greater than the tangential velocity of 15 said fluid at said
outer periphery of said outer rotor;                    said second opening
(803) of each of said right angle elements being      effective to scoop
said fluid at said outer periphery of said outer rotor into an interior
of said right angle elements and through said holes of said Coriolis rotor
and out      of a fluid outlet of said flowmeter; and 20
said right angle elements being effective to reduce the angular
rotational velocity of said outer rotor to reduce the pressure drop of said
fluid across      said meter.                       applying an axial fluid
flow from said fluid inlet to said fluid shear    decoupler means; 



said fluid shear decoupler means converting said axial fluid flow to a
rotating radial fluid flow; and                said fluid shear decoupler
means applying said rotating radial fluid flow    from fluid shear
decoupler means to the inner extremity of said holes of said Coriolis
rotor.  33.  A Coriolis flowmeter comprising:              a fluid
containment housing (301) including an inlet (302) and an outlet    (304);
a rotor (307);                means (309, 312, 327, 343, 344) defining a
flow chann extending from    said inlet to said outlet, and radially across
said rotor;                said flow channel defining means including
means(309, 312) for rotating    said rotor about a center axis of rotation
in response to fluid flowing through said flow    channel from said inlet
to said outlet;                Coriolis detection means (329) connected to
said rotor and including    means responsive to said flowing fluid and said
rotation for flexing to provide an angular    offset in rotation of said
Coriolis detection means with respect to the rotation of said    rotor;
said angular offset of said Coriolis detection means representing a rate of
fluid flow through said flow meter from said inlet to said outlet; 



means for generating signals representing said angular offset; and
means (351, 324,323) responsive to the generation of said signals to derive
flow information for said material.          34.    A method of operating a
Coriolis flowmeter comprising the steps of:                 extending a
fluid through a flow channel from an inlet to an outlet of a    fluid
containment housing and across a rotor;                 rotating said rotor
using energy derived from the fluid flowing through said from said inlet to
said outlet; flow channel from said inlet to said outlet;
58                        flexing a Coriolis detcetion means connected to
said rotor in response to forces in said flowing fluid to provide an
angular offset in rotation of said Coriolis detection means with respect to
the rotation of said rotor; 



said angular offset of said  Coriolis    ction means representing a rate of
fluid flow through said flow meter from   said inlet to said outlet; and
detecting said angular offset of said Coriolis detection means to derive
flow       information for said material.                 





59     5010/028PCT              flexing a Coriolis detection means
connected to said rotor in response to     forces in said flowing fluid to
provide an angular offset in rotation of said Coriolis     detection means
with respect to the rotation of said rotor;                  said angular
offset of said Coriolis detection means representing a 10 rate of fluid
flow through said flow meter from said inlet to said outlet; and
detecting said angular offset of said Coriolis detection means to derive
flow information for said material.     





59                                      AMENDED SHEET    



WO 96/29574
PCT/US96/03280                      converting a rotating radial fluid flow
to an axial flow; and                     applying said axial fluid flow
from said fluid shear decoupler to said fluid         exit.
42.   The method of claim 34 in combination with the steps of:
rotating a fluid shear decoupler (342) means positioned intermediate said
Coriolis rotor and said fluid inlet about said center axis of rotation in
unison with said         outer rotor;  5                 applying an axial
fluid low from said fluid inlet to said fluid shear decoupler
means;                     said fluid shear decoupler means converting said
axial fluid flow to a         rotating radial fluid flow; and
said fluid shear decoupler means applying said rotating radial fluid flow 



10    from fluid shear decoupler means to the inner extremity of said holes
of said Coriolis         rotor.    












