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| NVENTI ON This invention relates to a Coriolis effect mass
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flow ng through a conduit. SYsiNG CONCENTRIC ROTORSE 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. Smth et al. These

fl ownet ers FIELD OF THE INVENTION

This invention relates to a Coriolis effect mass flowmeter and more particularly to
a Coriolis effect flowmetsr using concentric rotors as phase measuring elements.
_ PROBLEM
It is known to use Coriolis effact vibrating tube mass flowmeters to measure mass
5 fiow 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 fiowmeter.
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,
Coriolis 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 outiet side leads the driver. Sensors are placed on the flow tubes to produce
sinusoidal output signals representative of the motion of the flow tubes. The phase
difference between two sensor signals is proportional to the mass flow rate of material
through the fiow 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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flowmeter output signals are sinusoidal and are dPSpIaced 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 fiowing 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 ls not measured directly, but rather by measuring
the resulting deformation of the fiow 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 fiow tube be thin, flexible and deform significantly in response to the Coriolis
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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 fiuid pressures.

10 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 channe! 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 fiuid and it can be used
to determine mass flow rate.

Angular momentum mass flowmeters are shown in the following documents:

25 U.S. Patent 2043487
U.S. Patent 3232110
U.S. Patent 3877304
U.S. Patent 3058447
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
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Coriolis meters maintain constant fiuid angular velocity while moving the fluid radially.

These meters also use motor driven rotors having radial holes through which the fiuid

flows. At a fixed rotation rate, the torque required for the motor to spin the rotors is

15 ideally proportionat to the mass flow rate through the radial holes. The rotor torque

is therefore directly proportional to mass fiow rate and rpm. Unfortunately, the drag

due to seals, bearings, and viscosity add to the rotor torque and introduce

measurement errors. The use of a motor also results in a meter that cannot be made

intrinsically safe in many applications. Coriolis rotary mass flowmeters are shown in

20 above Wilson articie as well as in the article "Mass Rate Flowmeter Measures Gas,
Liquid, or Solids in Product Engineering," p. 211, Sept. 1953.

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 (Coriolis)

25 coaxial rotor and a flexible torsion bar axie 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 fiuid inlet and a fluid outlet. The outer rotor has

a holiowed out recess into which the Coriolis rotor fits. A cover is fastened onto one

30 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 to both the outer and Coriolis rotars.
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The center of the Coriolis rotor is aiso hollowed out so that it can house a fiuid
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
fiuid shear decoupler. iIn the fluid exit/inlet port on the cover disc, these holes
15 converge and emerge axially as one hole through which fiuid 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 fiuid 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 fiuid 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 fiowmeter 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
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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 fiush with the outer periphery of the outer rotor and configured
to perform a jet function. Fluid enters the meter coaxially through the fiuid 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 ° 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 outiets and a flow diverter is provided for receiving the axial fiuid flow
from the inlet and for applying this fiuid 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
appiied through a fiuid 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



PCT docunment WO 94/21990 A Survey of Mass Fl owreter by M P.

Wlson, Jr., pp. 63-68. 35 . _Instrunentation Technol ogy. Septenber
1971 3 i mpel | er
14 rel ative to i npel ler 12. This force produces a signal in transfor e 16
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secondary inpeller 70, A dynano transformer 100 neasures_ the displacenent
of the secondaf® apﬁgrgap@p w,nb yat @nother embodiment of the invention, the Coriolis rator
and the outer rotor are rotated by a motor to perform the dual functions of a fiuid
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
10 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 difference 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 fiuid 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.
iP F N
Figures 1 and 2 illustrate physical forces associated with the operation of a
25 Coriolis flowmeter.
Figure 3 is an expioded view of one possible exemplary embodiment of the
invention. .
Figure 4 is a tob 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.
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DETAILED DESCRIPTION

Figure 1 discloses a fiow tube 101 having a siug of fluid mass 102 flowing
therethrough at a velocity V. Flow tube 101 is assumed to rotate at an angular
15 velocity w 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 fiow 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 w about pivot point 104
25 as defined by vector w. Under this condition, the slug of fluid mass 102 is subject to
a Coriolis acceleration A, as it moves away from pivot point 104 at a velocity V. Since
it is the walls of fiow 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.
The generated Coriolis force F, as shown in figure 1 may be expressed as

30 follows:

Eq. 1 F = MA
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Eq. 2 A, = 2{oxV)
where
i0 w =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 = Mx2{wxV)

The Coriolis acceleration A . 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
5t and that during this time interval, the distance of the slug of fiuid 102 from the pivot
point 104 increases. If the slug of fiuid 102 was originally at a distance R from the
pivot point 104 then, after a time interval 5t, the slug of fluid will be at a distance R +
OR from pivot point 104. The tangential velocity of any point on the flow tube is a

25 function of the angular velocity w at which the flow tube is rotating times its distance
from pivot point 104. At the end of interval 5t, the slug of fluid 102 is further from the
pivot point 104 by the amount 8R. This being the case, the slug of fiuid 102 is
traveling at a greater angular velocity after the time interval 5t when its distance is R
+ 8R 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 5t equals the Coriolis acceleration A, of the slug of fluid mass
102. The linear velocity V of the fluid mass of slug 102, of course, remains constant
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housi ng havi ngFeem &qala@omﬁatsgan bg Sﬁ@&ﬁ%atftbﬁ QI-U[OJ!$ forge g Showiydd F'QU'e 196 a
L1 V10, ' HBoRRIBFE e aSs ' Y vy 8 SHPUBEIUE R Rel 55 1
val ue 8 or cangalanivelocity w at which¢heflow tmbe tgpipots. about & plvot point 104 as well as
ST o, Bl oty o i i Y S 35 e 60, ™
rotor system hitHasbean mertiened tab Coriols maseﬂmﬁﬁete('s.‘ofmelmw iypau'aknownor
B gl o ynlaey 5 HEs He S Bl it yreredERS
di spl acem%dﬁ?[a APEThisie fRieved Y e Frovisioncof@ roter havingradial Reles th hs
fit concentri cal Ia/ wthin a’sealed Cocnotr%llgrrrneansts n%?#;ﬁ'gtﬁ?s hgr\i/elrg ad Iaw d
i nl et1@nd awhichitge fiuid flows. The prior art rotary g
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 fiuid flows through radial holes (or tubes) in the
rotor. On Figure 2, A ,, is the area of the interior portion of flow tube 101 of figure 1.
The slug of fiuid mass 102 equivalent to the slug of fluid mass 102 of Figure 1 and this
has a thickness SR and a cross sectional area A,,. The mass of this slug 102 may be
expressed as oA PR where o equals the density of the material comprising slug 102,
20 where Ay is the cross sectional area of the slug 102 and where 3R 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 fiuid 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



5010/ 028PCT outlet. The outer rotor has a hollowed out recess into
which-the Coriolis rotor pits. A cover s fastened onto one side of
the outer rotor to enclose the Coriolis rotor. The fluid flow ng

t hrough aligned holes spins the rotors and inparts a torque to the .
rotors that VW ortional to the fluid nass flow rate. This torqgue
applies equally to both the outer and Coriolis rotors. Y0 280

WO 96/ 29574 .

PCT/ US96/ 0328(0F =torque on rotor

R=radius to point of application of force

F=Coriolis force

Substituting the value of the Coriolis force F. obtained in Equation 3, the rotor
5 torque may be expressed as follows:

Eq. 5 T=2RM(wxV)
Equation 5 must be expressed in differential form to sum the total torque over the
10 length of tube.
Eq. 6 31 =2R5M (wxV)
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 5M=pA,5R
p =fiuid density
20 A, =hole section area
Substituting the value of M of Equation 7 into Equation 6 one gets:

Eq. 7.5 81 =2RpA, SR (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:

R2
Eq. 8 1= [ 2R0A,0VER
30 Ry

where

11



The outer rotor al so experiences the viscous, bearing, and seal drag

torques plus the drive torque, in sone enbodinents of the invention.
The Coriolis rotor, because it spins at the sanme rate as the outer
rotor which envel opes it, experiences none of t hese drag torgues,

but only expw'%?ﬁ Coriolis torque. The resultant angul ar det ection
of the Cori ol |6s rotor with respect to the outer rotor is prd’ﬁ%ﬂsﬁ’ﬁf to

mass flow rate. C i The center of the Coriolis rotor is
al so hol | owed o1 =EFOF AQ1 inside.radiYRuse a fluid shear decoupl er

which is fasteng =P&o¥h91bﬂi§iﬂeﬁ‘dﬂhﬁ' and rotates at the sanme rate.
The shear decoupfer ensures that the Coriolis rotor experiences no forces

due to the %opand aredqerpendieuianand they cambe simply multiplied as scalars: he cent r al
inlet/exit port : ' ' [¥e]>
rotor so that ipﬂ@?ggﬁﬁgwrogtﬂgwggc@éd?ﬁ% y W @g@%@{mﬁﬁﬁg%ﬁ "?Elqaﬁee

out er ot or 2eraydve derivedbasfallows: t hat it is restrained by the torsion bar.
Fluid conducting holes are fornmed in both the outer rotor and the
Coriolis rotor and in the fluid shear decoupler. In the fluid
exit/inlet pﬂ.{gt 0{1 the cover disc, t Mes 15 converge and energe
axially as o 'iﬁ)ethrough whi ch fIUTO rs or exits the neter.

The radial holes in the .outer rotor, the Coriolis rotor, the shear

decoupl er and the exit/inlet port on the cover disc are aligned so
that fluid can flow through them A nunber of different
enbodi¥ents are disclosed by neans of which a dual rotor system
conprising an outer rotor and inner coaxial Coriolis rotor are used to
derive 20 mass flow rate infornmation by nmeasuring the amount by which
t he CorlollsEr(:tsc.)é i's E_M_=m_5£
5t =~ &7
15
3R
but —_—=Y
ot
20
and -§=M
ot
25

I(ll =mass flow rate

Eq. 8 M=Qa .V

30 Substituting the term M of Equation 8 for the terms pA |V in Equation 8, the
following expression is obtained:



angul arly offset fromthe outer rotor about a conmmon axis coaxial to the
two_rotors. A first possible alternative enbodinment receives fluid
via an inlet tangential to an inner surface of the flowreter casing
and directs the fluid through radial holes in both the outer rotor
and Coriolis_raot The holes of the Coriolis rotor extend the fluid to
mati ng 25 %Wﬂgﬁgéwfn the fluid shear decoupl er which rotat ﬁ?%ﬁ”ﬁﬂe-
outer rotor and which transforns the fluid fromradial flow as
received fromthe holes of the Coriolgs rotor to an axial flow that
is applied tgy t4ge fluid outlet of thefid,pageter. The fluid shear

decoupl er thereby isolates the Coriol{s rotor fromforces to which it would
be subj ected if the fluid was "applied directly by the holes of the

Coriolis rotor e, r . axial delivery to the ptpeline
to which the fFéWe}%%c%ﬁﬁhﬁ@?ﬁ%ﬁ%m I n accordance with -

anot h& enbodi ment of the invention, the holes in the Coriolis

rotor are radial, while the holes in the outer rotor have a 90 bend. The

I nner openi ng 5

R
Eq. 10.5 1=2M f RSR
R,

Completing the integration, the following expression is obtained for the torque 1
10 on the flow tube 101 of Figure 2:

Eq. 11 =M (RZ-RD)

Equation 11 shows that the torque on a rotating tube, such as flow tube 101 of
15 Figure 2, is directly proportional to the mass fiow rate of the moving fiuid as well as
to the angular speed (rotation) of the rotor. The mass flow rate is determined by
measuring the load on a2 motor of the prior art motor driven rotary Coriolis flowmeters.
However, the drag due to seals, bearings, and viscosity alter the rotor torque and can
introduce errors in the determination of the mass flow rate of these prior art devices.
20 In accordance with some embodiments of the invention, a rotary Coriolis mass
flowmeter is provided in which the moving fuid drives the rotors of the fiowmeter. This
enables the flowmster to bs intrinsically safe for all applications and to avoid problems
inherent to shaft seals. In one embodiment of the invention, the fiuid flows into the
flowmeter housing tangential to an outer rotor, through radial holes in the outer rotor,
25 through radial holes in an inner (Coriolis) rotor, and out an axial outlet of the flowmeter
at the center of a cover of the outer rotor. Neglecting drag for a moment, the angular
momentum of the incoming fiuid is conserved so that the fiuid in the rotors has the
same average specific angular momentum as the incoming fluid. Because of this, the -
rotor angular velocity, the Coriolis torque, and the Coriolis rotor angular displacement
30 with respect to the outer rotor can be measured and calculated to determine the mass
flow rate of the fluid.

13



29 5This Sheet Has Been Replaced

PCT/ U896/0 f each such hole i ' —rgtee=f.aces the outer
end of ac '

adi al ~ Cori oI , ant her openi ng

each such outer rotor hole conprises a _ t he
perlphery of %ﬁgﬁqﬁg&g rotor. The outer rotor spins In @ 'EF}lon hat
enabl es the 0 n the periphery of the outer rotor to a oop
which 5 "scoops up" the_received the f|UId and forces it through the
radi al hol es of the Coriol EMBODIMENT OF f 2 : & 7pressure t han

does for the apiAgeus diclésed an reibuo%ta%ma ﬁtp?ssieﬁ rBfefreldExenfipidily

openi ngs of the radial holes in the outer rotor are flush with the

peri phery of embedigent of the ipvention. This embodimenteareprisesecylindricglshapad fiuis

enbodi nent o h

el Mo | SeortEfmeh TRLERE, a0t Bn Whéiolsk %dc?enpa?‘q""e' 6PCoRblegygic) 84, ¥ foror

el enent s, hambva_; 347, canch acholising coveri 30821 Inlétr 302rhaving apening 827 comprises teor

el enonty. . portoR o1 1n8 56 SFHBRRERE Aeiigig 03 elie, arteh 808 hebPoinenttiesd &
the outer rojffixedtsitapPhbuging eover 303 by fidrigeP806. Olnuse, Jauerfmmtaorrmocmndns

enters the neter_coaxially through the fluid r 15 decou r near_the
i nner end of '@W@m&qsﬂmﬂmg@%W%Péﬁ{‘& Bgf e 331

rotor radial jg ﬂﬁ&&?ﬁ%&%ﬁw%w o?«@bm omuteﬁrcstar sbfaﬁuto?ms

r ot or |nclud|n peni ngs of "each 90[err] el enent

Anot he&Opos slf-'meé eadﬁ@tebu@mams st beadng 33 and hearngeupa333 having:circlip,S88.er
By this means, outer rotor 307 can rotate freely with its axie 331 and it is positioned

within fiuid containment recess 338 of housing 301.
Torsion bar axie 329 comprises an elongated flexible torsion bar that is positioned
within the open center portion of axie 331 and is fixably attached thereto by means of
15 set screw 332. Torsion bar axie 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 328. The flexing capability of torsion bar axle 329
20 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
25 which cooperates with a bottom portion of fluid outiet 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 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
30 between Coriolis rotor 314 and outer rotor 307 as fiuid flows through the flowmeter of
Figure 3.
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havi ng coaxial fluid inlets and outlets. The axis of rot atlon of each rotor

i s_coaxial with 20 __t hd&hisPheptdias Béco Repdurell out |eto—s dERrter is
provi ded for receiving the, low || THIS SlﬂiberrhﬂE\ﬁ@EE’il h

appl yi ng th| s fluid flowt the peri phBlE?LéﬂEDhe ou

rotor and erein. Anote —aS.

i nlets and gﬁf’%@mththe received fluid belng ' tnfough a
fluid shear decoupl e ou radi al Corioljs r tors and

t hr ough mat chi My ugg,égnqtl 9&??51%%99# 'PBGSH‘@%M&P 54 outeF rotor 36?
accor dance bthF calt S is B SHNEY by thebif of SBMHs15he ws&%&sm Buth fotor

Coriolis outer rotors are not radial, but I'nstead are curved in -
a pl ane t ha307 by |merns ofits screw holes 311. ofrherwbessﬂlablvaa iteer positioned yyithin

E P\g E:gﬁ ?gfl rs?zgérss?ﬁ% ﬁb Pd‘%ﬁ n%ﬁ%f&%r Pagaccor AN AT, %ﬁg{eﬁgrémr

embodi srent  sdrewtitoles) 326 @nd rﬂZSattorﬂleopl surface of fluickicontainment housing 3athotherent

gav' NG ] et - LdEPnisiBd RoWrotr is hen BohRbeied 13" a Pipeiine | thdt'shbWhY it i &ipply
portion of the pipeline being connected to fluid inlet 302 and with the downstream
portion of the pipeline being connected to fiuid 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 fiuid travels
through radial holes 309 of odter 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 fiuid 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 controliably 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 signais of the two coils

15



WD 96/ 29574

PCT/ US96/ 03280 ee‘
out put signals that are qu I
between the Coriolis roto

system arBT OV dals | mproved
ST 6 gr_ﬁﬁﬂ T displ acenent
5 ' =Y _—=Fh accordance

w th yet anotg,?’r’&&g; di ment of the |nvent| >5FT011 S IOt or and
the outer rot otated by a notor to pe f BQEPPU02881 o
fluid 5 np.and a pass fl ow pe ure nt dewcefor prOV|d|n rrassflow
i nf ormati on g’@r‘”‘m'd ""M@WWHK ndition of

outer rotor m O‘N%f rqﬁg@
capability o?’r?r.]e rotor system to each fo | rrent S%Iorﬁsa
coil's and nei§rRyopopiondl tetheumgss flow: reterat thenmaterial ﬂomnenaattemgmﬁeran is

ot o) Ot LY RS ol 95116 Lo hids 6815 o plL°, |
second set of Flgure Mmlasas furtheridetailscoti the struatune of Figme 3rarld1tln$)ai'tiwla_r.
i son WL §Fofabert i llior b Hiiure of Fap P sHbaREbn FRAS S35 A cBUPT
senses the nfivid wontdinrbat mssmgiaeehav-ﬁ nigh 803 withdishoperiing 827.d Rivid from the
haves 16 " Burmh oo of tecibeing g £ Prases oo anesing S47 81 Bkers the <
rotor with ripgef bf fiifid tbMainment housing 301. The fluid travels counterciockwise as shown
10 on Figure 4. The fiuid enters the space 407 which is formed between the inner
cylindrical surface 405 of housing 301 and ihe periphery 406 of outer rotor 307. The
fluid proceeds counterciockwise 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
15 314. The fluid travels towards the center of the Coriolis rotor 314 and ultimately
encountsrs openings 343 in fluid shear decoupler 342. An opening 343 of fiuid shear
decoupier 342 mates with each radial hole 312 in Coriolis rotor 314. In so doing, fiuid
shear decoupler 342 receives fluid from the pilurality of radial holes 312 in rotating
Coriolis rotor 314 and redirects the flowing fiuid to converge into a single axial path
20 comprising opening 337 of exit outlet 337.
The plurality of screw holes 326 fasten housing cover 303 to the top surface of
fiuid containment housing 301. Further shown on Figure 4 are the plurality of magnets
3186 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
25 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 controliably adjusted within opening 346. The position of coil 324 is not
30 adjustable and it fits snugly within opening 327.
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 while the
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outer rotor and, in turn, proportional to the mass flow rate of the fluid
flow within the __flowreter Al |l enbodinents of the

i nvention provide a nechanical neans which limts the rot ati onal
anount by which the Coriolis rotor can be offset fromthe outer rotar. This

20 s desj | n order that the torsion bar shaft, by I ch
t he wmn?"ﬁ%ﬁﬁs attached to the outer rotor, Wﬁgg

bj ected t d I tian f duri . Start- d
downof & heatiSA R R} 402, &5 ShORN In Figire 4, is positoned winiBstieryi #0] B 40
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an expl odeddisplased fropm enpansthare Ehis ligitation entangules dispiacemant limits stresses
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enmbodi ment pe ¢rbBédded in Carislis3rotor 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 Corlolis 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, togsther with
radial holes 308 in outer rator 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 axie 331 is the

torsion axie 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 fiuid shear
decoupler 342 recsive fiuid fiow from the inner portion 313 of radial holes 312 in
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5 rotor 314 initially has the same angular velocity as the Coriolis rotor. Because the
exdting 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

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
1s 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
308 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
20 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 fiuid flow from
radial holes 312 in the Coriolis rotor 314 ahd 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 fiuid is:

Eq. 12 I;=M VR,
where
30 I ;=incoming angular momentum

M ;=mass of incoming fluid
V;=velocity of incoming fluid
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t heret hrough at a velocity V. Flow tube 101 is assuned to rotate at an
angul ar 15 velocity [err] about pivot point 104. In vibrati ng Coriolis
flowmeters, the rotation of flow tube 101 about pivot point 104 is
not continuous but, rather, the rotation conprises an oscillatory
noti on wherein flow tube 101 rotates about pivot point 104 pbriefly in one
direction fo‘Y’?m"%y a return rotation in the opposite di r BET/P3H¢ e
reason for this is that it is not feasible with conventional
flowreters to Rueuler ragdius of putanesono continuously due to nechani cal
probl ens such as the provision of the required seals and the

resul ting drg& ig‘posed by the seals. Xowever, this limtation is overcone
by the appar udSof the present invegfl o The description of
the flow tube 101 of figures 1 and 2 assunes that the flow tube 101
I's rotating counterclockw se at an angul ar velocity [err] about pivot point
104 255 awhdmd i ned by vector [err]. Under this condition, the slug of

fluid mass 102 i g subject to Cor,i ol i,s, accel eration Alerr] as it
noves away frorhuéw\iﬁﬁb ¢ gngyjar 51""?;?’8 tﬁ ﬂwdaS nce it is the

wal s of fl ynetrobs fild ar SAdRieAturi Sn &helq:oﬁibnﬁéw ir6toré 2an 1852 determiriée by

t he Coriolis acceleration, the walls of the f| ow ube 01 are

subj ect to inearaing ever.; Jhe outersand Coriolis rotors are consige uplt, Ry 55
force Fc asyghgifer rotot 'ottErBoy ﬁﬁ%&?ﬂn&iﬁ% mfﬁxﬁfoﬁﬂat hold f&dn%n fluid shear

Eq. 1
10 decoupler 342.

Converting equation 12 to a differential equation, one obtains for the rotor fluid
angular momentum:

Eq. 14 5I,=8M.V.R

15 where
| g=rotor fuid angular momentum
Mg =rotor fluid mass
VR =rotor fluid tangential velocity
From equation 7, one obtains:

20 Eq. 15 3M=pA 3R=nr’pdR
where _
r=radius of radial hole in rotor
p =fiuid density
25 Since Vq of equation 14 = wR, substituting this and equation 15 into equation 14
and setting up the integral, one obtains:
R
Eq. 16 IR=f(nr26R)) {@R) (R
R,
30 where

R., =rotor outlet radius
Rz=rotor outer radius
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PCT/ US96/ 03280 where Flerr] =Coriolis force on the

t ube Mefluid mass 5 Alerr]=Coriolis Acceleration.

Fromthe | aws of physics, the Coriolis Acceleration Alerr] nmay be expressed

as: Eq.. 2 Alerr] =2 ([err]xV) wher e
wo 4 PCT/US96/03280

W =rotor angular velocity
Rearranging equation 16, one obtains:

&
Eq. 17 I=nr’pw [R*8R
®,

Completing the integration of equation 17, one obtains:

(R2~R})

Eq. 18 I= (nripe) ——

10
From equation 13, the specific average angular momentum per unit mass of the
fluid in the rotor is determined by dividing equation 18 by the fluid mass in the rotor.
The fiuid mass is the radial hole volume times fluid density. The following expression
is then obtained:

15 3 3
I, (nr’po) (R;-Ry)

Eq.19
M,  3nr®p(R,-R))

Simplifying equation 19 one obtains:

20 Eq. 20 IR_m(R:-Rf)
M, 3(R,-R)

It we assume that the outlet port radius, Ry, is small (zero) compared to the outer
rotor outside radius, R,, equation 20 then becomes:

mR22
73

25 Eq. 21

:ax | w

From the conservation of angular momentum, the specific angular momentum of the
fiuid in the rotors, /Mg is equal to the specific angular momentum of the incoming
fluid, 1 /M ;. One then obtains:

30 Rf v
Eq. 22 ok VR,
3 3 V.iRZ




10 [err] =flow tube angul ar velocity V=fluid velocity
Substituting equation 2_into equation 1, the Coriolis force on the flow
t ube may be expressed as: expressed as: 15 - Egq. 3
Flerr] = Mk2([err]xV) The Coriolis acceleration Alerr] is

the rate of change of tangential velocity to which the slu f
fluid mass 1$Q9F’g95§‘hbj ected as it travels at a velocity Vtmﬁ’w’?ﬁg f1 ow
tube 101 away fromthe pivot point 104. Equation 2 may be intuitively
under st ood 20 by appreciating that the slug of fluid travels a finite
di st ance d‘l’foH" st | of tine [err] and that during this tine
I nterval, the gﬂgﬁhgr@eﬁ%?t he slug of fluid 102 fromthe pivot

poi nt 104 iwl'lare:aﬂgsmﬁzf onaobiaing] of fluid 102 was originally at a distance
R fromthe pi vot point 104 then, after a tinme interval [err]t, the
slug of fluigg\@d | be at a distance R=3V, [err] R from pivot point
104. Bhe 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 W&r&nce from pivot point 104. At the end of interval
[err]t, the s:?g;ﬁ}, bhiitl) fotbP YeloBity bf Rler fromthe pi vot point 104
by the anount er_r]&. This being the €ase, the slug of fluid 102 is

travel i ng at ¥jgireonaingfiglvelecityel ocity after the tine interval [err]t when

Lhe hegt g TP payttons shSU S taRiq WGl 0t porbhB) bt it
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 fiuid 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 axie 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
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30 di stance fromthe p| vot p0| nt was R Thi S increase | -_- tangenti al

vel ocity divided feérv S S A ‘BQEN Coriolis
acceleration Alerr] of the Il s$ ifaw The | i near
velocity V of the fluid m B RS=—CTP st ant

sernosiP 96/ 29574

PCT/ US96/ 0328‘8o during this tine interval even thoughrmsw
fluid mass 102 i es it tan enti al vel C|t as it travels
further and SR GRI3231S %#amthe phase angle befivesn \hg Reriogie Weve

b
can be See”ohﬁﬂsbf&lmﬁhﬂ%z@mﬁ?if Wty ng gy m&@le), coil 323

proportional to the mass Mof the flui

as to the & W%@me IAfter the meter pulput siseBaterlcR £a heehown that e diore
bout i X v
gt O\l;l\lhl aghlmt \rlle Ul %étwgs S tﬁé gﬁ%égeaﬁr oug t%r‘eeoﬁvpg% %ﬁgﬁbmbﬂal 1B ek o

5 rate and is independent of rotor rom.
This is shown as follows:

Eq. 24 =0T

where
10 & =angular displacement
W =angular velocity
T=time interval between 'waves

Eq. 25 but ¢=-i€t- {torsional spring eqguation)

[

where
15 1 =Coriolis torque (eq. 11)
K g =torsional spring constant

Eq. 26 thus. &= T=M) M
20 K
from equations 12, 25
Note: R4 and Rgp are the inner and outer radii of the inner
(Coriolis) rotor.
Thus:
* Eq. 27 T=££.R_:2.:§;’L



of—t he rotary type are

N “&‘ hel d const ant

I't has been mentioned hadhedrAldfbd SepliBigs f!ownreters,
known wher ei n t hHj City _of—eT

while the fluid transve[ﬂuﬂﬂ'mmu"m .1 a7 At Uéi’ is\s achieved by the
provi sion of a rotor ha I | 'es

e ——
1[56§H . : ;
hgegh ich the fluid
flows. The DW%QS’S? .rotary Coriolis mas

e’ré gener al gﬁu:
notor to spin tor through which Fhe fluid fl ows. Sorrel?r‘r.g‘é |rre§'hots of
the rotary

oor bt FRIone? St ol ' e then ofSRS Thealtigbestion s dited” °
the rotor. proportional to maskJoerate.2 Rds iritopeAtibrtVéf ibafing diag, Viscol@sdraghandt he

forces applied to and 15 | associated with a spinning rotor as fluird fl ows
blems of Scptary

'_[hr;)lﬁgh radmﬂ]:‘- HBP%@QWW;@GW Sreyou Ky §iRse figh ]
i's e area ofyidact %gﬁa%» W%ﬂw W

The slug of fluid rra@s equl vaﬁ%ra\%'rteéde e slud'o %l?? SS &veg}ion
Fi gur e51 anis intlependent of rotonspm canfersrancthed acivantage. dt aliows the: fiuid shaonela
A . Th f j R
shere [ err} 008 1 vl Mg Bkt folfFto 5 shansd so B FpA 1 prbginé sgop
wher e Ah i satross theometere dnduostey triesde mihinize peéssyrd deoprindfividh systemsrbdoause
the thick f 102, The, | ti

tube 101 | sRaresteneoeral kB3Pl meters spate pressurs ro IE Ind fowndul. s Tb8;
poi nt 104. gresgureddrapsintheanélied of Fifuré 3\ resiRs pAmarily FrorA thé AuiOfaving to flow
while the top extremty of the flow tube 101 1s at a distance R2 fromthe

pi vot 18oi nt ly inward spainst the centrifugatferoenfi theispinning: tatenh . the Ftor BPM,and o
ok T . . o S5 !
fluid f1ows Hcibolnlbtuii“niautgtélre;gspma gﬁ%@%@ﬂ&"%? HRing g nd ppstagis 6511t

their openings face in the direction of rotation at the rotor periphery as shown on Fig.
8.

EMBODIMENT OF FIGURE 8
15 Figure B 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 fiuid 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 aiigned 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
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I's assuned to be a radial hole of a rotor shown on Figure 3 (but not on

Figure 2). Fromthe | aws of nechanics, the torque on the flow
tube 101 may be expressed 30 as: Eqgq. 4

T=RxF[ err] 10 .

WD 96/ 29574 R 3280
T =torque on Y@ PS4 R=radi us to point of applicat |ﬁ"§m ce
Fl[err] = Coriolis force '

it axially upwards so that the fluid leaves the flowmeter through opening 337 of fluid
exit 304 without fluid shear being placed on the Coriolis rotor 314.
Equation 23 shows that the speed at the periphery of outer rotor 307 in the
embodiment of Figure 3 is three times that of the velocity of the incoming fiuid. In the
5 embodiment of Figure 8, the speed at the periphery of outer rotor 807 is somewhat
greater than the velocity of the incoming fiuid. However, the openings 803 of right
angle element 802 “scoop-up” the fluid in space 407 as outer rotor 807 spins at a
higher velocity than that of the incoming fiuid. This forces the incoming fluid into
opening 803 of right angle element 802, through outer rotor 807 and, in turn, through
10 radial holes 312 in the Coriolis rotor 314. In so doing, the dynamic energy of the
incoming fiuid is converted into fluid pressure which reduces the rotation of rotors 807
and 314 to decrease the pressure drop across the flowmeter. The reaction force
created by this energy conversion also causes the rotation of the Coriolis and outer
rotors to slow and thereby reduce the centritugal force on the incoming fiuid. This, in
15 turn, further decreases the pressure drop within the Coriclis flowmeter of Figure 8.
The embodiment of Figure 8 is similar in all other respects to that of Figures 3-7
including how rotors 807 and 314 are connected to each other and to housing 301 by
means of shafts, bearings, etc.
CURVATURE OF ROTOR HOLES - FIGURE 9
20 _ While the outer rotor holes can be curved or have right angle elements 802, the
Coriolis rotor holes 312 cannot because the reaction force due to the hole curvature
results in torque on the Coriolis rotor that is proportional to fiuid velocity and thus
dependent on fluid density. This is undesirable. The velocity dependence can be
shown with reference to Figure 9 by separating the forces of fluid acceleration into two
25 additive components; that due to the spinning of the rotor with straight channels, and
that due to the curvature of the channels. The spinning rotor torque component has
already been solved (Equation 11). The solution to the curvature component torque
is simplified by the realization that any curve, such as element 902, can be reduced
to a series of short curve segments of constant radius. The solution to a constant
30 radius curve can therefore be extended to any curve. On Figure 9, the center of
curvature, 801, of a curved piece of flow channel 8902 is shown located arbitrarily with
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Substituting the value of the Coriolis force Flerr] obtained in Equation 3,

the rotor 5 torque may be expressed as foll ows: Eq. 5

[err] =2RM ([err]xV) Equation 5 nust be expressed in
differential formto sumthe total torque over the |0 | engt h of tube.
Eq. 6 06/2957 [err]t=2Rerr] M [err]xV) n be
seen t hat tr?gomass 4of an |ncrement al portion of the fluid ST%U%&;

Figure 2 is e

|
[err] Me[ er rT® ?ua ]q?a"e rotor axis, "" D T’H faree @Bibjs; Guryed flow sectiqn-§Q2 e?aﬁ'ehﬂ i on
ar ea calculatedUksth ithe! Well Skanh oEMtifag A fofc® équiieh vifiertld préssed &s:

Equati on 6 one gets:
2
s Eq. 28 F =_M.V_

where
M=mass
V=velocity
10 r=radius of curvature, 907
The differential equation for the centrifugal force on the curved flow channel 902 of
Figure 9 is:

2
Eq. 29 SF = &f cosé

15
where
S M =fluid mass. differential -
V=fluid velocity
r=radius of curvature
20 The differential force, dF, . 914 on each differential mass element 912, dM, is in the
radial direction to the tube section 902. 8 is the angle between dF,.,,e 914 and the
line 906 bisecting the constant radius section of the curved flow channel 902. dFe rve
914 is broken down into its perpendicular components, dF . ,rneSi@ (916)and
chuwecow (813). The sine components for positive 6 will cancel the sine
25 components for negative 0 when the foroes for the entire curved section are summed.
The cosine components of dF curve &€ all positive and parallel to line 906 and thus
additive. Therefore, the equation for the total centrifugal force becomes:

O

30 : 2 VZ
Eq. 30 F "rve=f 6M—-—cose
e

[

]

ol
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Egq. 7.5 [err]T=2R[err]Alerr] R(wxV) 25 The t ot al
rotor torque is obtained by_taking the integral of equation 7.5 fromthe
radius RL to R2 of Figure 2. The followi ng expression is then obtained:
[err] wher e EMBODI MENT OF FI GURES 3. 4.

5 6 &7 Figure 3 discloses an exploded view of a first possible
preferred exe%?fﬁ 4 enbodi ment of the invention. This enboo?%%ri ses
a cylindrical shaped

where

® = angle between differential force 914 and line 906 bisecting curve

902
8,= angular length of curved flow channel

Eqg. 31 but &M=pA, r50

where
10 M =p x volume
=p X A j, x length
=p XA x5
p =fluid density
A p=channel cross section area
15 0 =angular measure of curve in radians
Therefore,

Eq. 32 . F, ..~ | pPAV?cosos0

ourve

"ln“’"’”lno

Equation 9 expresses M as:
Eq.3 M=pa Vv

20 Substituting equation 33 into equation 32, one obtains:

£q. 34 F___={ M/cosese

curve

NII,PK’N'QO

25
By integrating equation 34, one obtains:



at.or 307, an inner or Coriolis
_ ' te | et 302 having

fluid contai nnent hmmsSmWHiﬂB ena:ﬁlwt ely=

rator 314 __ a rotor
openi ng 327 conpris e fl uig housi ng 301 while
outl et 304 having opening s affi sing cover 303 by

fl ange 306. outer rotor 307 and Corioli s Torer=814 .1 oned
within the re‘?:ess 38 of fluid container housing 301. Axl er%ﬁs#@ﬂ’{’xabl y
attached at its upper end to the flat portion 340 of outer rotor 307 and
on its lower_end rotably engages thrust beargng 334 and bearing cup 333
havi ng circlE@ 3B9. Bearing cap 3RG,.3t ' o housing 301 connects the
axle to the housing. By this neans, outer rotzor 307 can rotate freely wth
its axle 331 and it is positioned within fluid contai nment recess 338 of

housi 301. ' - I} '
002102 ,20% T sl ettt (o s e UMD B

torsion bar that | en cent SUNMriion of axle

and i s5fi xaprogugt of Handothe vactor-Rr(B04) joining the tatos aris with theoeentar ofix| e
329 extendscﬁr%@pgh 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 @Bytaking the vecter erossyproductiof thiese dwoRiegtors afd substituting @quation s
rotor 314 i ositioned within the recess 341 of outer rotor 307 and is
rigidly aff$§§ﬂs¢wrvd\é’qeo‘bmﬁ5'ﬁion of torsion bar axle 329. The flexing
capability of torsion bar axle 329 permits Coriolis rotor 314 to rotate

angul arly a Egpngged amount with re Shlvsi ] & rotor 307. This angul ar
rot at #8n of pls%lis r ot or 314t}\ﬂrw¢s1=&ressttja'§t 2t oﬁ{oauter rotor 307 is limted
by el enments

where
R=radial vector 804 from rotor center 807 to curve center S01.
a =angle between vectors 904 and 906

15 The significant factor in the equation 38 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 fiow rate would result in different torque readings and thus
different indicated mass flows. This is undesirable. The fiuid channels in the Coriolis
rotor should have no curvature in the plane of the rotor for the meter to be insensitive

20 to fiuid density. However, fiuid 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, i 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.
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subsequent |y described in ﬂ%ﬁ;ﬁ
t

The top surface of rotor (_:__on

B.con eCéion “triy, RO e=adid 5.

¥ ‘a bagks W =g ffes seal
321 which cooperates with a Wﬁﬁﬂcﬁ of f [Foie=aul : e top
portion of seal 321 abuts t ousi ng cover 303. Sear<821 ensures
that fluid m.@{) t hrough hol es 309 and 312 of rotors SOMO
reach fluid e . The top surface 322 of housing cover S
openi ngs 357 and 346 which receive coils 323 and 324 which are used as
subsequent | y dderhaiegiin eutarratern3Giof the embedliment; ot hiokiras @ and e tnped not be

coriolls 1ot figiel dhd ey Bé' QlrvecPl Yesitel a8 shbwrt o Figifé 8'iH'oPéiNol detrbagy/tie! !
of Figure 3. I'n use, riolis rotor 314 1s positioned wthin the
recess 341 ofotot;REM apddhe pressure drap 8oress the flowmetere While theceunature itntheof

SE1 s 57! Wi BATBIRS S hetd b ot v el B980T ol et e 7
housi ng5301. webas thegCoriolis rotd0 314, therbfis re éffegt oncthe Caorblismass fowmeasurement
e &7 Sanbily Ot 0 iyl i i e sl R S B e 45008 b
supply porti gpett td1thepbgier irolr iRét g the roriticalcdcton. fSimilatly, factbrs3ductaas! fivid h
the downstr e%é“cops%,t ée%r}ingfdrtag,e aﬁc‘! g’ﬁtlelr Tgssgg Icgg s(lzgvg rc]j%s}netﬂeta%gular velocity of both
the Coriolis and the outer rotor. However, there is no resuitant effect on the Coriolis
10 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.
15 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,
fiuid enters the flowmeter at its center through opening 337 of inlet 304 and
accelerates tangentially (Coriolis acceleration) as it progresses outwards through radial
20 holes 312 in the spinning Coriolis rotor 314 and through holes 1002 in outer rotor
1001. In outer rotor 1001 the fiuid holes 1002 have a 90° tum so that the fiuid exits
tangentially through jet like openings 1003. The reaction force of the fiuid as it makes
this 90° tumn 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
25 fluid to accelerate and apply additiona! reaction force to outer rotor 1001. This
embodiment of Figure 10 measures fluid mass flow exactly like the priorly 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
30 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.



fluid exit 304. The passage of noving 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 counterclockwi se as the fluid travels

t hrough radi al holes 309 of outer rotor 307, through radial holes 312 of
Coriolis rotor 314, and through the holes 343 of fluid Shewr 342
which is fi Y tached to the | ower surface of the rotor . The
fluid proceeds upwards through the fluid exit 304 to the pipeline being
served by the itisowekknownthat: The flow of fluid through radial holes 309
and 312 of rotors 307 and 314 causes themto rotate counterclockwi se. In so
doi ng, Cori oIE'qsglyotor 314 becones angé.&‘;ﬁf;]% offset wwth respect to outer
rotor 307 because of the Coriolis fortes™ 0 which Coriolis rotor is

subj ected. This angular offset is permtted by the torsional capabilities
of torsional axle 329. Coil 323 cooperates with magnets 344 enbedded in
rotor gpver wHepde 317. Coil 324 cooperates with nmagnets 316 enbedded in
Coriolis rotor 314, Each coil generates output signals on paths 352 and 353
as the magnet sPiid g#NSIY it cooperates pass the coil. The output signal of
each coil conpgiSesust toRei AJatc wave due to the plurality of magnets with
whi ch each coi Ft coopsgr at esq%l'tﬁe signals on paths 352 and 353 are applied to
met er el ect r onVesjestuidwelasity ¢88889i nes mass flow rate and other information
in response to,th ei pt of the signals 352 and 353. Coil 324 is
positioned in gﬁéﬁltég 57. Coil 323 is controllably positionable within
openi ngo 346. This permts the position of coil 323 to be adjusted so that

the From equation 4, torque is defined as:

Eq. 371 t=RF

where
15 F=force
R=distance
Substituting equation 37 into eqqation' 37.1, one gets:

Eq. 38 T =pV;AR,
20
where
'rj=drive torque
Ro=rotor outer radius = radius to jet
25 From equation 9:
Eq. 39 oVA=M
Substituting equation 39 into equation 38, one obtains:
Eq. 40 1= 1V.R,=jet drive torque
30



periodi c wave outputs of the two coils are coincident with each other
during the no flow conditiqgn of the neter. This is necessary for
calibration purposes. The position of coil 323 within opening 346 is | ocked
by neans of retainer element 348 and screw 349 which are screwed into
opening 347 with the bottom of retainer elenent 348 being clanped to the
top surface JYOH%M323 1o prevent its further novenent. mm ed,
the output signals of the two coils are coincident with each other for
t he no flog clﬁ;dition of the flowreter but,are offset or phase displaced

wi th respe g each other for M&i™odfei®i bns. This phase offset is
proportional to the mass flowrate of the material flowing in the fl owneter
and is used by nmeter el-ectronics 351 to determine the nass flow rate of the

materi al . Fiaur di.scl 0s : t.ai_l f :

Frgure. 3 andty eyt B entiBAut- B, Ciions e 1 oof ol g I il 6o of
Figure 3. Sregyuationdbi gure 4 is the circular fluid contai nment housing 301
having inlet 302 with kts openjng 327. Fluid fromthe supply portion of the
pi pel i ne (not shmbm qaﬁh kg0 SRLANAY 4340 OR8N ht ers the interior of
fluid contai nnent housing 301. The fluid travels countercl ockw se as shown
on Figure 4. The fluid enters the space 407 which is

Eq. 41.5 V,R, = (R;-RY)
10
if the axial inlet radius, Ry, is approximated by zero, then:
Eg. 42 V,R,=aR; =V, R, |
15 where
V,=rotor tangential velocity
note: Vo=bR,
Then:
20 Eq. 43 V=V,
where

vj= fluid velocity of jet
Vi= tangential velocity of rotor
25 This shows that for a frictionless system, the outer rotor peripheral velocity is equal
and opposite to the jet exit velocity. Thus the fluid is left with zero angular velocity
upon exiting the rotor. This makes sense since it entered the rotor with zero angular
velocity and the rotor bearings were assumed frictionless. This is in contrast to the
embodiment of Figure 3 where the tangential velocity of the rotor is approximately
30 three times that of the fiuid velocity. With respect to the embodiment of Figure 10, if -
the fiuid velocity of the jet was exactly equal to the tangential velocity of the rotor, the
fluid would not exit the opening 327 on the exit port 302. In use, this is not a problem
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Itofits snug# iﬁressure 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 fiow rate alternates between high flow

15 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 firstis obvious. At very low flows the drag
forces become greater than the thrust forces and the rotor stops. No periodic wave

20 output from coils 323 and 324 (Figure.2) 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

25 origh. 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. FElectrical noise on the output signals would also result in additional
uncertainty in the phase angie. At low flow rates it can be assumed that the noise is

30 independent of flow rate. The equation for the time delay, from Eq. 24, is shown
below taking into account noise.
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Wi t hi n openi ng 357. Figures 4 and 5 show pin 402 positioned wthin
recess 401 in Coriolis rotor 314 __As shown in Figure 5 the top of pin 402
is enbedded in Coriolis rotor 314 WD 96/ 29574

PCT/ US96/ 03280 In use, Coriolis rotor 314 is positioned within
the recess 34yddenaiyc’ rotor 307. Rot or cover 317 iswﬁ&xed _
by means of screws to the top surface of outer rotor ns of
its screw holes 311. The subassenbly is then positioned within

recess 338 of Olr:lg ng 301. Housing cover 303 is afg§iyeq by, neans of screws

and 5 scr es 326 and.328 to the top sur?"a'cg-ﬁf;*gui d cont ai nnment
housi ng 301. The assenbled flowneter 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
bei ng connected to fluid exit 304. The passage of noving fluid
where
T=time delay
¢ =phase delay
5 Y =phase angle uncertainty

w =angular velocity

The phase delay, ¢, is proportional to o from equation 11.

10
Eq. 45 o Xo MR R
K_ K,
where
15 K¢ =torsional spring constant - -
Substituting equation 45 into equation 44, results in:
y 2_p2
Eq. 46 p (R R
X w W
20 s
Canceling w, one gets:
Y pi_p?
Eq. 47 7= Mi Yy
k (4]
25 g

Note that while the flow induced portion of the time delay, T, is independent of w, the
uncertainty portion of the time delay has w in the denominator. Thus, at very low rotor
speed, the uncertainty in the time delay (and flow rate) gets very large.
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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 fiuid pressure drop and low power consumption.

RV MBODIMENT OF FIGURE 1

Figure 13 discloses a flowmeter somewhat similar to that shown on Figure 6 in that
it comprises an outer rotor 307, a Coriolis rotor 314, axie 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 308 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 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
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




30 nmeans of retainer rrent 348 and screw 349 which are screwed into

openi ng 347 wth @’t ai ner el ernpx be| ng cl arrped
to the top surface of COI ﬂ 0 prevent i

Once calibrated, the outp he two coil i . TC&’)‘%SB}EQ';,@ ot or
314 and el er‘rpvgé 602 of shear decoupl e 342 redi rect s THore=El_DY :

337 in fluideXP¥P3Y4. Fluid shear decoupl er 342 is fixably"a eroneryio t he
bottom of rotor cover plate 317 which, in turn, is attached by nmeans of
screws 318 tmannarsincedtisidentioal tothat showndn F@mpﬁwepbmmcamegnéales

CoTUPLS oo Bl Ghe Bl RS obPiobl Sof iheli. 19 0] ©
Because the exﬂ1herdytdlstﬁhow3)martratorﬁ§7and®eﬂdlsnmm&1$ are conneciedihyl shafts
Thi s sol at | G1F 31 BED e MaBing, e . sHpi T B St e Bee' B Jo T
vi scosi sy of shidwn oniFigurgs 8-a1i d i nproves the accuracy of the mass flow
measurement. LET AND T - FIGURES 11 AND 1
Figures 11 and 12 disclose an iniine 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 fiuid containment housing 1101 and
10 fluid housing cover 1104 which is fastened to fiuid 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
recessed within axie 1123. Outer rotor 1114 includes a plurality of holes 1116 which
15 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
20 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 fiow 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
25 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 priorly described for the
preceding embodiments including the embodiments of Figure 3 and 7. Thus, fluid
30 enters holes 1116 of the spinning outer rotor 1114, passes through corresponding
holes in the Coriolis rotor and exits the flowmeter by means of an element comparable
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of fluid exit 304 and its opening 337. The angul ar velocity of the
combi ned rofl$¥1$aBdA182. deternined fromthe | aw of conservation of angul ar

Tomentum The g ¥ dFe P32 oBbretd Gith IEASAGHD (At k) in W bfiter rotor 1154
i nconileg angndaCorioliseratorto generate output signals used by meter electronics 1840 to
measure the mass fiow 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 bstween 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, 1
All of the previously discussed embodiments, except for that on Figures 11 and 12,

disclose a flowmeter having one fiuid 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 (infet/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 outiet 1403 having an opening 1519
shown on Figure 15.

| The flowmeter of Figure 14 further includes outer rotor cover 1409, fiuid 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 decoupier 1411 is affixed, as

subsequently described, to outer rotor 1414 and rotates about central axis 1434 in
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Merr]=mass of incomng fluid V[err]=velocity of incomng fluid
WD 96/ 29574 :

PCT/ US96/ 03280 bottom of pin 402, as shown in Figure 4, is
positioned within opening 401. Pin 402 and opening 401 limt the

anount by which rotors 314 and 307 nmay be angul arly di splaced from
one anot her. WRP¥28574yi t ati on on angul ar displacenent limts %‘W@%’é’@?“

on torsional axle 329. It is particularly useful during start up conditions
when the 5 unisah with autenvotor d414C0The functiontof fluigiishear glacoupleri 41 kis the samege

enough to dagRgey for fiuid shear decaupler 342 on Figure 3 in that it receives an axial fiuid fiow
from inlet opening 1406 and converts it to a rotating radial fiuid fiow that is presented
to rectangular holes 1422 in Coriolis rotor 1412. By so doing, fluid shear decoupler
5 1411 improves the accuracy of the Coriolis measurement by isolating Coriolis rotor
1412 from the torques to which it would be subjected if it received a direct axial fluid
flow from inlet opening 1406. Outer rotor cover 1409 serves the same function as
does rotor cover 317 on Figure 3 and is rigidly affixed to outer rotor 1414 and rotates
in unison with ocuter rotor 1414 about common axis 1434.
10 Coriolis rotor 1412 has fins 1432 and rectangular holes 1422. Outer rotor 1414
| has fins 1431 and rectangular holes 1421. Coriolis rotor 1412 is connected to one end
of torsional axle 1413 whose other end fits within an opening in axle 1416. One end
of axie 1416 is connected to.a fiat surface of outer rotor 1414. The other end of axie
1416 is connected to bearings in conical element 1426 as subsequently described.
15 Axle 1416 extends through an opening in boss 1429 in bearing housing 1433. Bearing
housing 1433 includes a dish-like recess 1417 which has boss 1429 extending from
the base of the center of the recess portion as shown on Figure 14.: Bearing housing
1433 has outer fins 1418 which hold bearing housing 1433 within a dish-like recess
1435 of housing base 1401.
20 In operation, the fluid to be processed is applied to the flowmeter through opening
14086 of inlet 1404 and, in turn, to fluid shear decoupler 1411. Fluid shear decoupler
1411 transforms the received axial flow to a rotating radial fiow which is applied to
holes 1422 (best seen on Figs. 14 and 18) of Coriolis rotor 1412. The fiuid passes
through holes 1422 and then through holes 1421 of outer rotor 1414. Holes 1421 are
25 curved as shown on Figure 16 and the fiuid flow therethrough generates the force that
spins the rotors and the fluid shear decoupler 1411 about the axis 1434. The fluid
leaving outer rotor 1414 passes fins 1418 of the bearing housing 1433 and exits outlet
1403 of the flowmeter. '
Torsional axle 1413 is similar to torsional axle 329 of Figure 3 in that it permits
" 30 Coriolis rotor 1412 to be angularly offset from outer rotor 1414 in response to the
Coriolis forces generated on Coriolis rotor 1412 as fiuid passes through holes 1422
in the rotating Coriolis rotor 1412.
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space bet wegngd 5o IHYMever” He #uidf 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 1411, 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 fiow as the fiuid 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 fiuid 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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of housing 301 and outer rotor 307 and rotor cover 317. Coils 323 and 324
are shown positioned W thin housing cover 303. The associ at ed
magnets 344 and 316 are shown enbedded, respectively, in rotor

cover 317 and the top portion of the Coriolis rotor 30 314,

respectively. Fluid shear decoupler 342 is shown_| etail in
Fi gure 6. I—bl%g’g!?g“of fluid shear decoupl er 342 recpépl(/@ flow
fromthe inner portion 313 of radial holes 312 in

17 ith refgrenee o Eigure 16, the fluid received by the flowmeter enters channels
PCT/ US96/ 0324494 of flLid shea@éccible? 1 Hidction ah8c '
openi ng 337 f% folfuiwd seX| t 304b|9|7:| ﬁﬁjws eé’éa‘ 6“(iihggc‘gup er 3fm%ggbl y

attached to sunece 3610 tparradial fid foweThpradiad foaw ofifiuishiromichaonels 1424 of fluid; s
attached by gRapsadouler 4471348 pPidt't6iné Holtls 422 of Boticils rbfdr 4A3PkhieA

bet ween
5 comprise the open areas between fins 1432 of Coriolis rotor 1412.

On Figure 16, the fluid exits holes 1422 in Coriolis rotor 1412 and enters the jet
shaped holes 1421 of outer rotor 1414. The jet shaped holes 1421 of outer rotor
1414 comprise the open spaces between fins 1431 of outer rotor 1414. The jet effect
of the fluid exiting holes 1421 in outer rotor 1414 generate a propulsion force which

10 causes the rotor to spin counterclockwise as shown on Figure 16 about its center.
Coriolis rotor 1412, shear decoupler 1411 and the rotor cover 1409 rotate in unison
with outer rotor 1414 about the common center axis 1434. However, by virtue of the
fiexing capability of torsional axie 1413, Coriolis rotor 1412 may assume a rotational
offset with respect to outer rotor 1414 due the Coriolis forces generated on spinning

15 Coriolis rotor 1412, The fiuid exiting the jet like holes 1421 of outer rotor 1414 enters
the open space 1601 shown on Figure 16.

Since Figure 16 is a cross-sectional view taken along line 16-16 of Figure 15, cross
hatched element 1602 on Figure 16 is a cross section of housing cover 1407. Element
1603 comprises a portion of the exterior surface of housing cover 1407. Flange 1408

20 of housing cover 1407 and its holes 1419 are also shown on Figure 16.

Figure 15 shows further details of the embodiment of Figures 14 and 16 in partially
cut away form. Figure 15 discloses the opening 1406 of inlet 1404 which receives the
fluid to be processed and extends it through channels 1424 of the fluid shear
decoupler 1411. In so doing, by means of contoured surface 1510 of boss 1512, the

25 direction of fluid is converted from axial to radial and applied to holes 1422 of the
Coriolis rotor 1412.

The lower portion (on Figure 15) of boss 1512 includes a plurality of legs 1518
whose lower extremities abut a surface portion 1522 of outer rotor 1414. The bolt
1509 in each leg pemiits fiuid shear decoupler 1411 to be rigidly affixed to portion

30 1522 of outer rotor 1414. Legs 1518 of fluid shear decoupler 1411 extend through
openings in the flat surfaces 1516 and 1524 of Coriolis rotor 1412 so that fluid shear
decoupler 1411 may be rigidly affixed by its legs 1518 to outer rotor 1414. The holes
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as al ready &ﬁ@@(ﬁl . Fluid shear decoupl er 342 rotates in unison
wi th outer ;, it receives the fluid flow from radi al hol es

312 in the Cortorsional asiect413 ig shown oadFigare 15 withdtsfupper epdcheaing affived aigicly
flurd exit Qdement 1823 SHEoRrolor 1412 and with its lower end 1504 being affixed by set
screw 1529 to the lower end of axle 1416. Torsional axie 1413 extends through

15 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

20 element 1426 is affixed to element 1433 by means of holes 1501 which receive screws

" tohold the two elements together. Circlip 1523 holds axie 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

25 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 priorly
discussed with respect to the embodiment of Figures 3 - 7.

Figure 19 discloses further detalls of a portion of the apparatus shown in Figure

30 15. in particular, Figure 19 represents an enlargement of the upper left quadrant of
Figure 15.



25 The angul ar velocity of the conbined rotors can be determ ned

fromthe | aw of conservation of angul ar nonmentum The angul ar
nonent um of the incomng fluid is: Egq. 12
I[err] =Merr]V[err]R err] where 30 [err] =i ncom ng angul ar

nmoment um M[err]=mass of incomng fluid

V[err] =vel ocﬂwﬂr‘ncom ng fluid axle. Coil 323 is nmov&GTA§,AIR0,

change the phase angl e between the Eeriodic wave outputs of coils 323 and

324. Wth the Shovwn epFigurex19 gredins(1AS2anpHHASY ol Gariglis retor 1432 anpdoutercieter | n
e | o er v oY il B oro S cOBBA it 2GSRI Dk
the mass f| miorcover 3409 is showd gdiacsetthedtoprpartions phfins 1431Tand 1432 witbouters
follows:  [lor &dver 1409 being affixed to element 1437 Bhdi ThEtop bf 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. Magnet 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 colls 1534 and 1533 are
connected to meter electronics 1843 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 l?”lgures 17 and 18.
30 The apparatus of Figures 17 and 18 comprises a fiuid 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
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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 t0 & 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 filid having an axial flow through opening 337 and transform this axial fiuid flow
into rotating radial fiuid 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 8 is similar to the embodiment of Figure
10 in that the received fiuid is applied to the opening 337 of fiuid infet 304 and exits the
fiuid 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 axie 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 axie 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 axie 331
and is rigidly affixed on its left hand end, as shown on Figure 17, to axie 331 by means
of set screw 332. Thrust bearing 334 and circlip 339 retain outer axie 331 within the
fluid containment housing 301 and its bearing cap 336.

Motor 1701 provides the necessary torque to rotate the rotor system
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
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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cent ri5 ugalratiial helesf312hia the Co_riohs 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 fiuid outward from the center portion of the Coriolis flowmeter
through its holes 312 to outer rotor 307 causes each elemental portion of the fiuid in
10 radial holes 312 to assume an increasing angular velocity as it flows outwards further
from the center of the flowmeter. As priorly 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 fiuid necessary
to impart to it the increased tangential velocity. This force on the walis of holes 343
15 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 fiexing capabilities of the
torsional axie 329.
In the same manner as shown on Figures 3, 4, 5, and 6, the apparatus of Figures
20 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 priorly 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
25 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
30 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

ﬁcg\dnd outer radii of the i nner
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spinning rotor. The rotor RPM and the flowreter pressure drop can be

m nimzed by curving the fluid passages so that their openings face in_the
direction of rotation at the rotor periphery as shown on Fig. 8.

EVMBODI MENT OF FI GURE 8 Figure 8 discloses a rotary Coriolis flowreter

simlar to that wn on Figure 3 but having scoops on the | phery
of the out ewq"'ﬁmsﬁg?for reducing the rotor RPM This enbodi r@”@%ﬁ@des a
fluid contai nnent housing 301 having a tangential inl etqr@ort _882 3‘se
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each right angle elenent 802 is aligned with a natpng radial hol,e, 312 in
Cori ol | g rist dgcrs_asing:rme inertial t@'ﬂyﬁit%gd%ﬁo fnegate mbaﬂensemmnﬂe*@@ %

2aeh ach oI et BF i 0046 GG o 9 e o
in fooid sberars duedopacseldatiorwanddensierstion sancel rachyatber.onThis means that
standing start-stop batches are accurate and that errors due to changing speeds do
not accumulate during long runs.
in the other embodiment in which the fluid goes radially inward, the fluid drives the
Coriolis rotor via Coriolis force. The Coriolis rotor leads the outer rotor during steady
15 flow. Increasing flow (and rpm) resutts in the net torque out of the Coriolis rotor being
decreased by the torque necessary to accelerate it. Thus the meter reads low.
Decreasing flow likewise results in the meter reading high. As in the other
embodiments, the errors cancel each other over the course of a batch. The extremely
high accelerations that can result from rapidly opening or closing a valve could
20 overstress the torsion bar and damage the meter. To protect the torsion bar from
extreme torques, stops are built into the rotors which limit the angular displacement
between them. Such a stop can consist of a cylindrical pin affixed to one rotor which
extends into a circumferential slot in the other rotor (Fig. 5) or it can consist of the
mounting legs of the shear decoupler extending through oversize holes in the Coriolis
25 rotor (Fig. 19). The slot length is determined so as to allow sufficient movement for
the maximum anticipated flow rate but not enough movement to overstress the torsion
bar.

It is expressly understood that the claimed invention is not to be limited to the
description of the preferred embodiment but encompasses other modifications and

30 alterations within the scope and spirit of the inventive concept. Thus, the term fluid
has been used in this description regarding the material flowing through the flowmeter
described herein as well as the pump described herein. This term is merely illustrative
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as does fluid shear decoupler 342 in the enbodi nent of Figure 3. Nanely,
fluid shear decoupler 342 receives the fluid flow fromthe radial holes 312

and directs WD 96/ 29574

PCT/ US96/ 03280 fromequations 14, 21 where: V[err]=[err]

Rl err], one _obtains: Eq. 23

V[err]=3V| erW?"@s" wher e V[err] = tangent i PETUS3¢s1280

vel ocity at R[err| Vlerr]=_incomng fluid velocity . .
of the rial that may be processed by the apparatus of the current invention. It is

to be understood that the apparatus of the present invention may accommodate not
only fiuids per se but any other material that may flow or be pumped by the disclosed
apparatus. Such other materials may include air, gases, slurries, and liquids, as well
5 as fluids. Alsb. the term "hole" as used herein encompasses opening so any cross
sectional configuration, such as round, rectangular, triangular, or other possible
configuration including irregular.
Also, optical detection devices, eddy current or other suitable devices could be
used in place of magnets and coils as phase measuring devices.
10 The term fiuid used herein is to be broadly construed and may include any
substance such as gasses, slurries, mixtures, etc., that is capable of flowing through
a conduit, pipe or tube.
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r ot or 307 allows an angul ar di spl acenent between themwhich is

proportional to tor&gHolis detsction means {Aif) &t jeast a pap < yhith ispositigapd iy spid
and 344, Moo e Radh ¥ cirér of ofionoadidl with salBiude daf bt RS P 7
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peri odi c wearea af spidt Gorolisrdetedtion Méadnsind 324 are aligned during the
f1 ownet er a plurality of holes (309) 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 aligned with at least some of said
15 plurality of said holes (312) in said Coriolis detection means;
a fiuid inlet (302) on said fluid containment housing for applying received
fiuid to the interior of said fluid containment housing;
a fluid outiet (304) on said fiuid containment housing;
means (338, 341, 313, 343) responsive to a receipt of said fiuid by said
20 inlet for extending said fluid through said holes of said outer rotor and said Coriolis
detection means to said fluid outlet of said fiowmeter;
means (331) for rotating both said outer rotor and said Coriolis detection
means about said center axis of rotation;
means (329) responsive to Coriolis forces generated by said fiuid extension
25 and to said rotation of said outer rotor and said Coriolis detection means for causing
said Coriolis detection means to assume an anguiar offset from said outer rotor about
said center axis of rotation;
means for providing output signals (324, 323) indicative of the magnitude
of said angular offset; and
30 means (351) for receiving said signals to derive the mass flow rate of said
flowing fiuid.
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Th h foll :
'S 1S shown ag. © % flowmeter of claim 2 wherein said fiuid 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 of rotation.

4, The flowmeter of claim 3 wherein said means for causing further
comprises a motor (1701).

5. The fiowmeter 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 tangentiat velocity of the outer periphery of said outer rotor is substantially greater
5 than the tangential velocity of said fiuid at said outer periphery of said outer rotor.

6. The fliowmeter of claim 3 wherein:
said openings in sald outer rotor comprise radial holes (309);
said outer rotor {307) is positioned within a circular recess (338) in said
fiuid containment housing (301);
5 said Coriolis rotor is positioned within a circular recess (341) of said outer
rotor;
said outer rotor rotates about said center axis of rotation at approximately
three times the velocity of said received fluid.

7. The flowmeter of claim 2 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
5 rotor, '
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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.

8. The flowmeter of claim 7 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.

9. 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.

10. The flowmeter of claim 9 wherein said means for iimiting 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, iimit the angular rotation
of said Coriolis rotor with respect to said outer rotor.

11.  The flowmeter of claim 9 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. |

12.  The flowmeter of claim 2 wherein said holes in said Coriolis rotor are radial
when viewed from a position on said axis of rotation.
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13. The flowmeter of claim 2 wherein said holes in said Coriolis rotor as well
as in said outer rotor are radial.

14.  The flowmeter of claim 2 wherein said holes in said Coriolis rotor are radial
while said holes (801, 802) in said outer rotor are offset from radial.

15. The flowmeter of claim 2 wherein said holes in said outer rotor each
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.

16.  The flowmeter of claim 15 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
5 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 seid holes of said Coriolis rotor and out of said fluid

outlet of said flowmeter; |
10 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.

17. The flowmeter of claim 2 whersin 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 rotor;
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increased rotational velocity for increasing the pressure of said fiuid in said holes and,

in turn, the throughput of said fiuid through said flowmeter.

19.  The flowmeter of claim 17 wherein said means for rotating comprises:

a motor (1701) for rotating said outer rotor and said Coriolis rotor about said
center axis of rotation;

said holes in said outer rotor being responsive to said receipt of said fluids and

5 said rotation of said Coriolis rotor and said outer rotor to effect a pumping action that

pumps said fluid in said holes in said outer rotor to said fiuid outlet;

said means (351) for generating being effective to generate information regarding
the mass flow rate of material pumped by said outer rotor.

20. The flowmeter of claim 19 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 fiuid outlet.

21.  The flowmeter of claim 20 wherein:
said fluid inlet (337) is coaxial with said center axis of rotation; and
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conprises a scoop |i openi ng 803. The inner term nus of each

radial hole 312 in Coriolis rotor 807 is 30 aligned with an opening 343

in fluid shear gecoyteMowtfieter'Bt 6lRing 2 Widreinie sane function as does
fluid shear decoupler 342 in the enbodi nent of ngure

flui d shear decoupl eidfluid dalet directshther figwdof (sl fQQﬁMﬁhE“‘ﬂaﬂ%élsﬂ'ﬂ)lﬂb@ 312
and directs gomainment housing tangential to the outer periphery of said outer rofor; and

said fluid outlet is coaxial with said center axis of said rotors.

23. The flowmeter of claim 2 wherein:
said fluid inlet (337) is coaxial with said center axis of said rotors; and
said fluid flows from said fluid containment housing tangential to said outer
periphery of said outer rotor.

24. The flowmeter of claim 2 wherein:
both said fluid inlet (1406) and said fluid outlet {(1403) are positioned
coaxial with said center axis of rotation. of said rotors; and
said flowmeter further comprises means (1423, 1424) for receiving an axial
5 flow of said fluid from said fluid inlet and for redirecting the flow of said received fluid
to provide a fiuid flow tangential to said outer periphery of said outer rotor.

25. The flowmeter of claim 2 wherein:
both said fluid inlet (1408) 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
5 flow of said received fluid from said fiuid inlet and for directing the flow of said received
fiuid through holes in said Coriolis rotor (1412) and said outer rotor (1414) to provide
a fiuid flow to said fluid exit tangential to the outer periphery of said outer rotor.

-—_—
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5 a longitudinal recess in said axle (331);
a torsion bar axie (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
axe;
means (332) fixably connecting said other end of said torsion bar axle to
10  said first axde;
said Coriolis rotor being responsive to Coriolis forces on said Coriolis rotor
due to said rotation of both of said rotors as fluid flows through said holes in said
rotors for angularly movable said Coriolis rotor with respect to said outer rotor with
said angular movement being controlled by the torsional characteristics of said torsion
15 bar axle.

27. The flowmeter of claim 2 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) remavably 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 cover
10 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 fiuid in said fluid outlet of said flowmeter.

28. The flowmeter of claim 27 wherein said fluid decoupler (342) comprises:
a substantially circular element having a center hole (319);
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this case, the centrifugal force vector axi s and does

not create ay, et the rotor. In ordsr“ﬂ'ﬁ%ﬁ&] &EEN)r

rotor, the cen‘? g#% force vector has o _be Wﬁ@ﬁp offs b‘ﬁ"&?ﬁ&g@otor
axi s. Figure 13 cl.oses curved channel 1 lis rotor 314
having a force vect M‘P@u‘aﬁ*ﬂ@"&ﬁﬂﬁgﬁ%ﬁ%@t@q‘ inper guriace of said

1304. This Bgiéd eﬁlﬁtgoga?)esotm é&ﬁtil CBnte? Hols of- 388 sUtRtdritialy) Birdlladnaiement is

curvature in hol has no i nfluence on the rotor rotdtion. On the other

hand, if a Pefignes withysaidcanter-hole op saig caver pieks;ol i s rotor of Figure 8 were

curved such that th f ot

visible in Figure S%QHH"@ @Woﬁ&&%g{%ﬁﬁgﬁq%t WI

t he cemt er alementieachbeiDy aligned witht one ahsaiddwlas inrsaic: fCoriolis retore a

resultant torque th gi.ve the riQlj r ' nt

W th respect to the WGH paflficied i saib'd e Barely iﬁgﬁéﬁ%ﬁ%&ﬁw

t he enbodi malement b&hgtwnaem $naasfca plataliteof autved charhelsito said centes hale

desired as %ng}ﬁ Estall'n%']i)r/ %lrgu ;r% eleor{\gr?trtolt::gn\ge%trh%amohon of said fluid from a rotating
radial state to an axial state to decouple said Coriolis rotor from the shear effects of

10 said fluid.

29. The flowmeter of claim 2 wherein:
both said fiuid inlet (1102) and said fiuid outlet (1107) are positioned
coaxial with said center axis of said rotors;
said flowmeter further comprising:
5 a conical element (1101) comprising said Coriolis rotor positioned having its tip end
adjacent said fiuid 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);

10 said conical element (1101) and said channels (1113) being effective for
receiving an axial flow of said fiuid from said fluid inlet and for redirecting the flow of
said received fiuid to provide a fiuid flow tangential to said outer periphery of said outer
rotor;

said fluid being effective to flow through said holes (1116) in said outer

15 rotor and said channel of said Coriolis rotor;

a flid shear decoupler (1111, 1112) rotable in unison with said outer rotor
about said center axis of rotation and positioned within a recess of said Coriolis rotor;

holes in said fluid shear decoupler extending from said holes in said
Coriolis rotor to said fiuid exit of said flowmeter; and
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the rot essure drop across the flowreter. Wile the
cur_ya.t LHHI' ‘i rﬂ H‘ 02 of the outer rotor 807 have an effect_on the
gul ar 6pee LOTmt er rotor 807, as be-Coriolis rotor 314,

therels no effect onthe Coriolis massf ER
: with
#‘é@f{?ﬂsﬁéctors

fl owmeter si d S the rotational ting

respect tot eou er rotor that is the criticar :

such as fluid vi SCOSI t bearl n% drag, and ot her I osses can sl ow down t he
angul ar vel ocity of &k said fluig) sheap decaupler being respensive Itfé\ﬁélﬂeﬂ'ldtﬂﬁ\yre
5 N0 T eSebABbndiriR rachit fid foi tedbiveY tdriSeid nbiks bt

t he Corrolrs rotor res ect to t outer rotor remains uncﬁgnge and i's
not i nfl uerfiowneier an%m ml Mdrﬂowsappliaddo\satdcﬂwdtaﬂt bearing friction, or
curvatures in the holes of the outer rotor. In summary, the fluid channel s
in the outer rotor need not be radial and nmay be curved, as shown on Figure
8 to decrease 3he rThe flowfidiernaf alaitne2 wheesinur e drop. JET

ROTOR EMBODI MENT- F] GURE .10 od t, of Fi d| scl gses a
Coriolis rotor 314 bgﬁc r#‘ﬂd\kﬂ“%?ﬁ‘%ﬁm s?'atQH‘d ngl(i ?tf
openi ngs i fegakial Kith Saiddesritenaay of s&diretdrsebodi nent, fluid ent ers t he
flowreter at its center through opening 337 of inl et 304 and accel erates

tangentially (Cori offigd w&mﬁwmﬂﬁmgprogresses out war ds t hrough
radi alg hol gg Eﬂgﬁé al 02
I n out er rot or 081 I n(gﬂ?gr goy tor E%fft r@“‘ffur dA%oI egbpgggﬁﬁgéﬂébgihéto
90[ err] turits tpendia adjneemlaaidjﬂwﬂumlet (1408kntial Iy through jet |ike openings
1003. The. reaction LfhGted 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 -

10 (1414);
said conical element and said fins being effective for receiving an axial
fiow 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 fiuid being effective to flow through said holes (1422) in said Coriolis
15 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
fiowmeter; and
means (1518) for limiting the anguiar offset of said Coriolis rotor with
respect to said outer rotor {1414).

31.  The flowmneter of claim 2 |n combination with 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;
5 means (343) on said fluid shear decoupler means for receiving an angular
fiuid 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
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of theHIII m this 90 turn in holes 1002 causes outer rotor 1001
to spi mj IlmHHmﬂﬁ ational speed can be obtai ned by restricting the
area of *the jtet " i ke bpeni ngs 1003. This a,r@ss T accel erate and
apply additional reaction force to outer i%%;& EE% odi nent of
Figure 10 rre%fl uid mass flow exactljlike CUSS enbodi nent s
by measuri ng aul ar offset between the outer and Corio 80 The
equi | i brium angul ar velocity of the jet powered rotor can be calcul ated for
a frictionless casemneams:(318) on saiddiuigusheas decpupler forcapplying seid axial fiuid flow
Coriolis i Qg%@m%torque to define an equilibriumcondition. The thrust
of the jets I's déterm ned fromthe change in angul ar nonentum of the
fluid as it changes direction and accel erates. W 96/ 29574
PCT/ US96/ 0328%2. The flowmWh Mieter of claim 2 in combination with fluid shear decoupler means
positioned intermediate said Coriolis rotor and said fiuid inlet;
means (317) for rotating said fluid shear decoupler about said center axis
of rotation in unison with said outer rotor;
5 means (343) on said fiuid shear decoupler means for receiving an axial
fluid flow from said fiuid inlet (337);
means on said fluid shear decoupler for converting said axial fiuid flow to
an angular fiuid flow; and
means (343) on said fiuid shear decoupler for applying said angular fluid

10 flow to the inner extremity of said holes of said Coriolis rotor.

33. A method of operating a Coriolis flowmeter comprising the steps of:
extending a received fiuid fiow through holes (309) in an outer rotor (307)
positioned within a housing (301) and having a center axis of rotation, as well as
through holes in Coriolis detection means (314) at least a part of which is positioned
5 in a recess (341) in said outer rotor (307) and having a center of rotation coaxial with
said center axis of rotation;
rotating both said outer rotor and said Coriolis detection means about said
center axis of rotation when said fiuid flows through holes of said rotor;
said Coriolis detection means assuming an angular offset from said outer
10 rotor about said center axis of rotation in response to Coriolis forces generated by
" said fluid extension to 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
15 responding to the reception of said signals to derive the mass flow rate of
said flowing fivid.
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[err] ferential force 914 and |ine 906 blsectlng curve
902 .. ﬁ“ﬂ\ “‘ﬁi}“ ar length of curve n Eq.
er«

31 but where 10 {j ris sNEEPHXS \BEEM

=p X A[err] x Iength =p x Alerr{l X | ({gALACED p =fluid
density =channel cross section &aees W: ngul ar
measur e of cﬂ’mgradi ans Ther ef or e, Eq. 32 "ﬁ’%

err
| ! ' 34. The method of claim 33 wherein said Coriolis detection means comprises

a Coriolis rotor.

35. The method of claim 34 wherein said method comprises the steps of:
causing said outer rotor and said Coriolis rotor to rotate about said center
axds of rotation in response to said fluid flow through said holes of said outer rotor and
said Coriolis rotor.

36. The method of claim 34 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 fiuid flow through said holes of said outer rotor and said
Coriolis rotor so that the tangential velocity of the outer periphery of said outer rotor

5 is substantially greater than the tangential velocity of said fluid at said outer periphery
of said outer rotor.

37. The method of claim 34 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.

38. The method of claim 34 wherein said method comprises the steps of:
directing said fiuid 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) opening
5 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 fiuid flow proximate the said outer periphery of said outer rotor;
extending said fiuid fiow 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

§5 '
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[err]
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egrating equation 34, WHIS)QHEETF‘ﬁAS BEEN |

| REPLACED
WO 96/20574 T PCTIUSY/03280

outer rotor is substantially greater than the tangential velocity of said fiuid at said outer
periphery of said outer rotor;

said second opening (803) of each of said right angle elements being
effective 10 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 and out of
a fiuid outlet of said flowmeter; and

said right angle elements being effective to reduce the angular rotational
velocity of said outer rotor to reduce the pressure drop of said fiuid across said meter.

39. The method of claim 34 wherein said method comprises the steps of:
extending said fluid flow through a first opening (312, 1002) substantially
flush with said outer periphery of said outer rotor and curved to define a jet-like
opening (1003) for each said hole in said outer rotor; and

said first opening being effective to accelerate the flow of said fluid out of
said flowmeter via said fluid outlet port.

40. The method of claim 39 in combination with the step of:

operating a motor (1701) connected to said outer rotor for rotating both
said outer rotor and said Coriolis rotor about said center axis of rotation at an
increased rotational velocity with respect to the rotational velocity caused by said fluid
flow; and

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 fiuid through said flowmeter.

41. The method of claim 34 in combination with the steps of:
rotating fluid shear decoupler means (342) about said center axis of
rotation in unison with said outer rotor;
said fluid shear decoupler being positioned intermediate said Coriolis rotor
and said fluid exit; '
applying a rotating radial fiuid fiow from said holes of said Coriolis rotor to
said fluid shear decoupler means ;
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es:co) (TR MBHII | Il £ 35 e The

torque on thetrotors due‘to the force vecto _% ©f ihs iBEENQlial to the
cross 5 product of F[err] and the vectd} F$ )_M;gonl ng Fhe rotor axis
Wi th the cegjgdgenoss curvature.

3 ,légﬁé’gqro Cross

4
product of these two vectors and subst Ituting equation

bt
Flerr], one obtai n%onvertjing a rotatlng radlal fluid fiow to an axial ﬂOLV’ an]d

applying said axial fiuid flow from said fluid shear decoupler to said fiuid
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 fiuid flow from said fluid inlet to said fluid shear decoupier
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 fiuid flow

10 from fiuid shear decoupler means to the inner extremity of said holes of said Coriolis
rotor.
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wher e R =radial vector 904 fromrotor center 907 to curve center
901. [err] _=angl e 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 flowng at th s flow
rate woul d rg§ % different t or que rea{jhggs and t hus S&ﬂgﬁp@ent

i ndi cated mass flows. This is undesirabl e’ The fluid channels in the
Coriolis rotor should have no cyrvature in the plane of the rotor

for the neter to be insensitive 20 o fluid density. However, fluid
channels that are curved and that are {n a pl ane that contains the

rotor axis do not adversely effect ElOsyiolis torque that is generated on
ghl_4 orepQYector intersects the rotor

the rotor. In this case, the centri '
axi s and does not create a forquafon the rotor. In order to produce
ilfugal force vector has to be

a torque on the rot

applied offset to tﬁ[e"or\g?gp%gi S. Fi g _ﬁrqmqw&gg a curved
channel in the Coriolis rotor 314 havi g _Borce v that is in
the sanme plane as the rotor axis 13(« iR bei ng the case, the force

vect or due to q&& e _has ng.i uence on the rotor
rotation. On the other aqtﬁé hol e such as 312 in the
that the curvature were
k in Figure 8, the 30 resul t ant
jcenter axis of the Coriolis rotor

in the plane of the rotor and thus
force vector would not intersect w
and woul d therefore create a
Coriolis rotor an angul ar
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di spl acenent with respect to the outer rotor.

27 since due to bearing losses and fluid viscosity |osses, 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 permts
the fluid velocjty to nove to the right on Figure 10 and t%@? I ng
327 of exit%f)%?‘(z%'ﬂz and out of the fl ter. The nmechani ‘g of
how t he enbodi ment of Figure 10 is co ted,tg housing 301 is not shown on
Figure 10 si nee—steh—detaits ardS3 Ml ar """"—"Jvu Fi es348-
MOTOR ASSI ST [JMETERE - FI GURE 10 The j & yrdf \. m B.gure 10
has advant agdsELEGTROMCSp )T ca}g , N = '

| .

because the flurd trayels radia

enhances fluid 3ppWand reduces 3%6

pressure drop in the jet #& ' 0 t he
fluid acceleration in th B8t i on
can be nmade low with g I} rom and
| ow pressure drop at Hid @wher e

the flowrate

326
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al ternates between high flow and zero flow, such as truck | oading or
custody transfer. Unfortunately, this design results in poor performance at
|™ow TTow rat es. The Tow fl ow rate performance is poor because of the

| ow rotor speed. The rotor speed effects accuracy in two ways. The first is
obvious. At very low flows the drag forces becone greater W hr ust
forces and W@ br stops. No periodjg¢.wave output fromc %‘ nd 324
(Figure 3) nmeans no fl ow neasurenent %’éwpossi bl e. The second way that rotor
rpmaffects accuracy is nore subtle. Equation 25 shows that the tinme del ay
bet ween periodic waves fromcoils 323 and 324 is independent of rpm What
degrades at lowrpmis the signal to noise raa'ég Noi se on tinme

del ay neasurenent can be either @ ' pni cal in or{

exanpl e of mechani cal_ sour ce_xno TS ratrorepf the
Coriolis rotor that Rne) tof sj Zal
vi bration. The oscillatibnx ' r ot or :)‘ég)
angl e that results frop Al A5 [ but put
si gnal s vvouldsgbo ot 36 Linder At fjhg, The phsse—=mg] e. At
low flow rate f 1 Tloi~dlf : C—n

rate. The equati ony
into accouns noi S£.
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PCT/ US96/ 03280 known_t hat ; Eq 37
[erT] where “lll l“l" lgﬁ id density F[ err] =t hrust
force of | et I uid velocity change _ o
Alerr] = et v%r c;?m%,(’)‘ From equi;1|3on 4, torque is dﬁ&,{]&%’oﬁﬁn
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Eq. 37.1 [err] =RF where 15
F=f orce R=di st ance Substituting equation 37 into

equation 37.1, one gets: _ Egq. 38 [err] 20
wher e T[err]= drive torque R2 = rotor outer radius =
radius to jet 25 From equati on 9: Eq.

[ er r] VA=[ er' V9629574 Substit uti g equation 39 into 2‘3%’4??’8’%’%, one
obt ai ns: _ /13

302

07—
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Eq. 40 [err]=MV[err]R err]=jet drive torque 30

29 One net hod of overcomi ng these inherent |ow flow_problens in the
jet node neter of Figure 10, is to extend axle 331 (not shown) through
fluid contai nnment housing 301 and rotate outer rotor 1001 with a notor in
t he manner shown on Figure 17 where notor 1701 i s connect ed%‘tﬁlg"%)“

Rot or 1001 CHR%#8M be spun rapidly evi},1 t low flow rates

delay, T, renains unchanged while sign oise is greatly reduced. At high
flowrates, the thrust fromthe fluid jets provides nost of the spinning
power and the power required of the notor is |ow Prbﬂaﬁ@/ﬁt’l r

Coriolis flow neters had notor drives and neasured tor t ?\&%NEL
notor to determ neFggRygeriolis torque on a single ro
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therefore affected by bearing drag, seal drag, and viscous drag on the
rotor. These drags produced error_in the flow neasurenent. The present

i nvention, because of its rotor within a rotor design, isolates the
Coriolis neasuring rotor fromthe above nentioned sources of drag resulting
in a nmuch rate neter. In summary, the jet nod | e 10

W th nDtorn§@§W@§5¥s a neter that can ﬁ@éuragely negsure o§Sﬂ%§ﬁﬂ§§@ range
of flows. Furthernore, at high flow rd it has low fluid pressure drop

and | ow power consunpti on. CURVED HOLE EMBCODI MENT OF FI GURE
13 Figure 13 discloses a flowreter sonmewhat simlar to that shown on

Figure 6 in that it conprises a shear decoupler 342, ter ropgh a
09 ATERT .
hol gs

Coriolis rotor 314, axle 331 for the outer rotor and onal
Coriolis rotor 314. On Figure 6, hg ' N

309 in outer rotor 307 are radi« ' 2;;?n

Coriolis rotor 314 is curv e 1301407 outer rotor 307, glhe
curvature of holes 1302 Lof ce V)t ' t he
two rotors n t he ~di 7 of S T '
respect to oggé?pro T 7 any 27
gener at ed bymgﬁ C re C | e, e\vector
1306 is int anefh e ro
Vector 1306 ther W | e t tor
system By way st} , r I OIN ot or
314 on Figure | d
3I4\
! \\337 | 3343
TN
Y N |
100 | 342 |
NN
312
\\ 304
)
/
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produce a force vector that is not in the plane of the center axis of the
rotor systemand therefore, the resulting force vector wuld have an
infTuence on the rotation of the rotor systemof 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 hol eﬁﬁw 1301
in CoriolisWP37814 and outer rotor 3% gespectivel y. e details of
how outer rotor 307 and Coriolis rotor A3are connect ed by shafts and the
i ke to housing are not shown on Figure 13 since they are simlar to that

shown on Fi gures 3-7. AXI AL | NLET AND QUTLET - FIGURES 11 AND
12 Figures 11 and 12 disclose an inline rotary Cori oll'l‘ksiSMEHa#ﬁmawd

1100 having a fluid inlet 1102 and a fluid outlet 1106 coaXi
center axis of the rotor systemof the fl owmeFEAas Fl o ter
it

i ncl udes fluid containment housing 1101 and E“”",”"E' otldifig cover 1104 whi ch
f" pans of screws 1117. The
vy

is fastened to flui dI@DTA] nnent housi ng-4 '/'t
flowreter el enents contai nedgw thin /’?/f(f"_ltc aAi@4t housing 1101

i | ud 11 A/ p’ o af 1123, Corioli
Ir?)tcolrJ (engtn gﬁz)%)r?teg;sseém .4.’1% A 1 ﬂlx 2 tl:."»l 2 Tortotts
s / / 1132
e 4, 1104
o2 122
113~ 4 1108 1106
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M—= k<& ¢ L
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and having a torsion bar axle (not shown) recessed within axle 1123. CQuter
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 s t shown). Axle 1123 is retained within 12 by
nmeans of bgg@%ﬁ%%ﬂflzl and 1119 and cir8}¢$ 1122 on the |e?#ﬂﬁ§ﬁ@30 shaft
1123 as shown on Figure 11. I n use; uid enters the fl owreter 1100
via opening 1103 and is directed 9{ Tl lINLETL12 and 1113 to the

peri phery of outer rotor 1114 A4~ b Channel 31113 in el enents
1111 and 1112 are curved as ggfrn i N AN A ol406 the laxial fluid flow
entering opening 1103 is coJ pd A flowas |it exits channel
1113 and enters fluid chngis 11X4
out er periphery of outer 'r r IANand tBe inn
cont ai nnment housi ng 110§. ue of channe
1124 so that its flow i 34l , i

outer rotor 1114. This tangent I\

i ncluding outer rotor 1114, to rw iy 1123. |Fluid enters
hol es 1116 in the sanme nmanner as S pfie precedi g enbodi nent s

i ncl udi ng the enbodi nents of fluid erfters holes 1116
of the spinning outer rotor

S pade between the
\.h&Sﬁie qf fluid
R, fluid enters chanber

he per|i phery of the
es thg rotor system

conpar abl e

> FIG. 14




to shear decoupler 342 and 343 of Figure 3. Fromthere, the fluid flows to
the right on Figure 11 through fluid outlet 1106 and its opening 1107.

El ements 1111 and 1112 contain channels 1113 which convert the axial fluid
incomng flow frominlet opening 1103 to a fluid direction that is.
tangenti al wWoldgnssggpect to the outer periphery of the out ei,d.l%%r #,14.

El ement 1111 is affixed to el enent 111%Hg§ means of the.screéws f? :

El ement 1111 nay be detached from el enedt ¥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 el ement 1112.

Coils 1131 and 1132 cooperate with magnets (not shown) in the outer rotor
1114 and Coriolis rotor to generate output signals used by neter

el ectronics 1140 to neasure the mass flow rate and ot her information.

The enbodi nent of Figures 11 and 12 may al so be provided with a pin simlar
to pin 402 (Figure 4) to |jgit the angul ar yol4Q&n of the Coriolis rotor
with respect to the outeﬂ‘kﬂlo 11l A—Thisfp+R nay extend between the outer
rotor and into an openi ng of tDess
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and 12, disclose a floweter having one fluid port in the axial direction
and one in the tangential direction. |t is often desirable froma cost of
install ati on perspective to have the two fluid ports (inlet/outlet)

coaxi al. A coaxial enbodinent is shown in Figures 14, 15, 16, and 19 as
having a ro ing conprising a housing base 1401 and ' cover
1407 whi ch gﬁ%“%%??ed t oget her at theHr i%énges 1402 and 1?6€R%§hﬁgﬁns of
bolts or the |like extended through holéé 419." Housi ng cover 1407 has a
cylindrical inlet 1404 and opening 1406 which receives fluid froma supply
pi pe (not shown). Housing base 1401 includes a cylindrical outlet 1403

havi ng an openi ng 1519 shown on Figure 15. The fl oweter of Figure 14
further includes outer rotor cover 1409, fluid shear decoupler 1411,
Coriolis rotor 1412, and outer rotor 1414. In the same r as for the
descri bed enbodi ments, Coriolis rot ' i W nd fits within
a recess of outer rotor 1414, d shear @ecouplgr 11 is ge®ial with
and fits within a rddd®s_in €oriQ i El ar decoupl er 1411
is affixed, as subsequent desg#fbe [o 14 nd rotates
about central fmiﬁ 1434/ n 15185
) .
1514 1413
O
o Nl 2 |
/5 N
r
1411
O pe——
/5
1407
1432
O , 1601
1422 1602
143 O | 1603
142] 1408

FIG. 16



WD 96/ 29574 ' PCT/ US96/ 03280 One

met hod of overcoming these inherent |ow flow problens in the jet nnde neter
of Figure 10, is to extend axle 331 through fluid containnment housing 301
and rotate outer rotor 1001 with a nmotor in the manner shown on

Fi gure 17 wher tor 1701 I s connected to axle 33 01 can
t hen be spdﬂoﬁﬁﬁgﬁly even at |ow fl ¥/rates 5 and the%¥Fﬁ@b§g?é§, T,
remai ns unchanged whil e signal noi sg 413 greatly reduced. At hi gh | ow
rates, the thrust fromthe fluid jets provides nost of the spinning power

and t hel powg Prior art
rotary Cori ol fl ured torque at the
drive notor t0°dg I NENE COT 10 I r. They were

ous drag on
Rgbur.enent. The
&?sign,

therefore 10 ogaf (L 641 | no~0R
the rotor. The® drags ‘4549' S U R ‘\
Q 8/

pr ésent i nvent i, becayfr
i solates the Coriolis pyg
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sources of drag resulting in a rmuch nore accurate neter. In
summary the jet node af Figure 10w th notor assist is_a neter_that can 15
accurately measure over a wi de range of flows. Furthernore, at high flow
rates it has | ow fluid pressure drop and | ow power consunpti on.
CURVED HO_Ewlam NT OF FI GURE 13 Figure 13 di

| ownet er sonmewhat anilar to that shoﬁo.gn Figure 6 in tha?i&hﬁa&ﬁ”ﬁit
conprises an outer rotor 307, a Corio |§ 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 o ¢ L Te R = IATTE -V AN T2t aal e {8
are radial. In contrast, on Figure l{e 132inL | Coriolis rogjor
314 is curved as is hole 1301 in t tloq 3pP7.| The curvature of hol
1302 and 1301 have nel948 uence t tlatli on qf the two rotors nor

I

t he angul ag disoIaCﬁEﬁst fidili 4 rptor 314 with respect to
outer rotof 3 T r epson 4i i|s that any fp4R4wegctB28ar &t ed
by the cur e&g Nlbl?al 1302 such /A1 dxanptlé forge vectfo
1306 is inlife.sane _plahe that cont et r otjor m
Vector 1306 t ofe ca ye no i ce on‘t he a n {f thhefir
system By hgq%?\%ay 0F43&% NCct L) /) curvat ur f | eli31R off !
Coriolis rotqr 314 pn Flfgg: 7 produceyn fWlcellvetto tis
not in the pllappgjjthe I b 1ot pr syst and
therefore, the resujting forfc l d halye an i §ji! (ofc e
rotation of the |53E5 t o Fl gurgj7. The $pp@jjatiys of {f Hi e
13 is shown ¢nly in SKel gt
1534
1407 1436
1437 A1 1536
il 1432 ,Ia J
1 .
1537 /
ll ISl
I1S12 / l
! 1510 //,
143l
J ~
» —~—1518
)l g w2,

MINNNN

| / 1522) ISIGJ
N /
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33 . Fl uid shear decoupler 1411 includes a plurality of fins 1423
vm't,ﬁt_he space between the fins formng fluid channel s 424. Housi ng base
1401 and H0/0g8RGJer 1407 are each essentially funnel shaped. .The |arge
end of each is sufficiently large so as to | eave an annular :space bet yeejt
its inner surface Angulanmomenturn metedsisufférfiam éuo basioproplems.oTha fitst [dithdir

1401, “The di { 1SHeRREbL hBRIQAY AT th duerEiBn T Suinecfioematoraip, dia 1
TS A7) o7 oS DU galdo e sl R bbnbanais 106RB M0pe,
required to spprodustobfdree andtradial Histahed.o Fiuid flowing gomnethpesentéreofythef pipbe
Formed i n t R Rarauaed 1o wual tavins plisiogs EEF1oGs & Graielin sorests e 16
LA 2o Conml ka8 el el gt icld Mot A
enters center dde tdthefdffectd oftvisvosity of the fiuid1Aliscous dragorathguimpellersiand tube
The Coriolis avrt]/_gllg gﬁgrrlgésotth%rrsesalrtaentré)rggﬁlaerdﬂuq 'ntlgne\eétﬁwstrt\e 3&0%95 p?gfill}e,i gr(i:]d the
torque between the impellers.

10 It is also known to use Coriolis type rotary mass flowmeters in order to solve
the velocity profile problem. These meters utilize Coriolis force instead of angular
momentum of the flowing fluid to measure mass flow. These rotary Coriolis meters
maintain constan_t fluid angular velocity while moving the fluid radially. These
meters also use motor driven rotors having radial holes through which the fluid

15 flows. At a fixed rotation rate, the torque required for the motor to spin the rotors
is ideally proportional to the mass flow rate through the radial holes. The rotor
torque is therefore directly proportional to mass flow rate and rpm. Unfortunately,
the drag due to seals, bearings, and viscosity add to the rotor torque and introduce
measurement errors. The use of a motor also results in a meter that cannot be

20 made intrinsically safe in many applications. Coriolis rotary mass flowmeters are
shown in above Wilson article as well as in the article "Mass Rate Flowmeter
Measures Gas, Liquid, or Solids in Product Engineering," p. 211, Sept. 1953.

Rotary Coriolis flowmeters are shown in the following patents.

: . USA 2,877,649
25 USA 2,832,218 -
- USA 3,350,936
DE-B-1235608
EP-A-0537765

30 . USA 2,877,649 discloses a housing 10 containing an impeller 12 and a
concentric secondary or sensing irﬁpeller‘ 14 with both impellers being driven by a
power source comprising a motor 80 to rotate about a common axis. The relative
angular displacement of the two impellers is measured by a dynamo transformer

616. The Coriolis forces resulting from material flow causes a force on the sensing
| REPLACEMENT SHEET
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f1 uid upon the outer rotor as the fluid is forced td
t houst mecd0/628PESTt he sane as that described. for . gg@% S Hi gL
10. Fi gures 15, 16 and 19 together disclose fur h&e.-zd&ta,' f_thég

enmbodi ment of ifipefler4 felatvegtorimpéliec t2pThiscforee producey afs:gma'tnak:eamsairﬁm 1tdﬂe
i ne 15-15 of Figure 16. Figure 16 is a cross sectional view taken al ong
line 16-16 of thefuseditectly propastionali k) this displacament wWhigyria Wnd||§c¢l5%@b’

the end of torgi 4 d rface 1514 of Coriolis rotor
1412 which is @833@[99%&109% 'ﬁ%%ﬂ{’ﬁ%& &qr'?{ﬂ%&shear decoupl er boss 1512.
This is positioned) g, tPatent @ewzﬂertﬁclaéew r@tbrySfIbthéTerlﬁiLﬂvhl&ila dasd el
decoupl er 1411, as shown on #lgure 5, the tip or nose 1511 of a

conical |y sﬁamlmsa pain of wnwetrcmmpnileeej lﬁr@ﬂ%whrcéweldrwnchv Fmplpe205

tt hed t f
channer s 3424 In835En S HBG e i BPRESCBH BRI YoRRs 72 B8 iy
channel s 1424 j e’lléﬁ"TCﬁCtRCHyrQWG hRansfsthies " 00 SHeAsFes J{Eéodi@EI&errﬂa@ﬁ & the
boss 1512from n axial flowto a radial flow as the fluid travels downward

on Figure 15. sHoendaryi lmpeﬂeraM@ndrgeleendoes an autpuhsignal propertionabts, thafimpelier
totherotatigﬂ clonlcal oaih 151 Thlz“ﬂ' tatln ralal fluid flow exits
surface 1510 Jf'SBEsEMEEY ang e B &g ®icinity of the

rectangul aqghol es 3423 4t8n(8350!936 a&bwsew?o@y '@%ﬁoli§ HReter Mot a st
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 éecond 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 'app_aratus 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 determinirig
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 ha\)ing an outer rotor, an inner
30 (Caoriolis) coaxial rotor aﬁd a flexible torsion bar axle connecting the two rotors.
The mass flow rate through the flowmeter is determined by measﬁring the rotational
displacement between the outer rotor and the Coriolis r.otor._ Both rotors fit

concentrically within a sealed containment housing having a fluid inlet and a fluid

rramesanrwee.
R S A b ma
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PCE US96/ ggﬁ 28PCT = to shear decoupler 342 and 343 of Figure 3. From
t'here, the wdflovvstotherlght ' on Figure'il through fluid™

outl et 1106 agduht STHEAGREFDIIIRES a hollowed out rddesgntoswHibh tha Dbriblis 2owemtai n
channel s 1113 | ch convert the -axial fluid inconming flow frominlet
openi ng 1103 ﬂocwe‘rlmfaistdmedaonta)me side ¢f§hean@@rnmt@1 tognglosatheceeriolis rotor.o

t he outer periphe out r ot 1114. j fi t

el ment 1112 ﬁ%e flld ﬁw vBUgR sl hoigs Pins Tag Pl Ald b faybisle ttne
detached from %%p;*ﬁﬂlonal to thé AURVHadd flowheare. | This&oﬂ:%ﬁ# é;ﬁﬁhé‘scé%ually
mai nt enance reasons to e or inspect bearings and 11

Coi | s 1131 5anto bd#2theooyter and Garidlisretpnet s (not 'shown) in the outer rotor
1114 10 and Coriolis rotor to generate output signals used by neter

el ectronics 1140 to measure the mass flow rate and ot her

i nformati on. The enbodi nent of Figures 11 and 12 may al so be
provided with a pin simlar to pin 402 (Figure 4) tolimt the
angul ar rotation of the Coriolis rotor with respect to the out er
rotor 1114. Thi.s pin may extend between the outer rotor and into an opening
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R com A B o EBIBIEN RS 4. 5. 6 5.7 NﬁEIf Tthe
B gy ousty ) scus Settib o BSAoS arf 6 Rld b G 120 pBL SNl d il ey
insthe embagiment.of ther memmm rrhns embbdmemtmpﬂ?? élr nlliﬁé?;coag?rgﬁ d
coaxial - A coa BB COEtAARHERRGRSa Hsuaniqiien %@é&@ﬁ)m&er of Coriolis Tefor e,
19 as having agr fitef covesang, aAAPS | ﬁdd&ﬂwgflob@éﬁtsbs bR} ?déh)g ea%l.‘-@ggenmg 3205

housi ng cover 1407 which are bolted to her at their f
by  meafemprisemamerion okthe fluid centammeat hausiog 180 ovkile autiet. 3040heniimg

406 whi.ch
Fecel ves 11 ur aoPeing 37 s Bed i ol bovkt el el A0k I ise, ‘Gl rotor
i ncl udes a cyl Boﬂandé(l‘ormu*s Irstor BAQaredpishiorel WA the rbBddk 338 of uid AaMHEIngF

Fi gure 15. The flowreter of Figure 14 further I ncludes
rotor cover 14bousing 3011 341@%1831 is fixably atiached et its 4pper end|tolthe ﬂabportlomam

Sggcffﬁgé (ra(r)ﬁtag | rren? r| of ﬁ@%&@%ﬁéﬁ rotally . ang ag\%ﬁ%‘ﬁ“@ﬁb@f‘?&% and

within a recesbearﬁng)mUprssa)hanQ%lp [339i dBehg cép%BBf’hﬁécﬁe‘Hlﬂcf gQﬂ%X
wi th and fits within a recess in Coriolis rotor ear

decoupl er 1411°9RNegts theaxe tpsthe housing. s@i!)ﬂ'lﬁ] eans,outes tatph a7 can rotate freely
rotor 1414 andyiiié'axie RAUHd f R oHiorY itk Adid' ddntainment recess 338 of housing

35
301.

‘Torsion bar axle 329 comprises an élongated flexible torsion bar that is
poéitioned within the open center portion of axle 331 and is fixably attached
thereto by means of set screw 332. Torsion bar axle 329 extehds 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 Figufe 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 rdtor 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 uéed 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.
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through the fl at sunﬁ@eescéﬂﬁroée‘i%mq& &iardwhhaﬁthetreées%rmﬁafbu&'r‘%afdry

| argers than the dianmeter of the legs 1518..s0 as to al limted anguar
di spl acenent of307heRotaricaves 3ﬁ3tlslthw afﬁxedstnemearb Q‘fkﬁCf@Wt'éP tnetiop: sanfdce of

S5 of “Gor Dof IutG AR o by Ras BE9 %G g 1 P50, SHH 66 SbRltanb)

essentially of tlaeri itiohed within ebcésseisamﬂho(:sing smovm:usmg\dmvehabs@aﬁiéa
of Coriolis ro 412 are affixed. Fins 1432 of Coriolis rotor 1412 extend

bet ween the fl msafe%prewsmm BCrevt NelasaAed @nd: 38 o the tap surfaenof: fuid

to th tial I 4 f T ' '

of the |ower eSPrianiroht HAUSH B0t e ackamEid BWnetbr i inon HBghecio' @
Coriolis rotor pipgdlitei Qnafshmvrqrwﬁl the supply portien ofthe b‘@ellhbd)d'ny\/eonmmmﬂm
of fins 1432 are, shown con&gﬂqée gto base surfag Coriolis

Cotor. . Tor Sviciialet 807 8n OyGienm Rordan o 60 RGNS being,Gannacted to
Cower end 1604 HE AINOAE, TheFRSSads of 2?‘%@@2@" thfoudt e Sedringasr b1t 62
1416. Tor si onako the nnenpartm cﬁthe hdusmggﬁObmusag outeraotar 307eanqgh Goriotis dotof
Fotor 141, axBed 10 Tetaln caimerclonying!peibe i radet Beplgld e oles. 3 6 owtens
downwardly on Fbﬂ#rsmlfth@ﬂ@ht 1&iFEl AedS312 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 roiate 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

Mﬂjin 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
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in bearing 14 i i ' hditi . |
| n.bear.ng_ 1424 dAiRckiBHPYiN 6aER Bthi R 1A 1O fld- Bonaitii T 1HE AoWiietdE But are

bear! ng 1427 rmnates in open area conpri ses an'’i.nner
portion of t heoffseti araphase: displaced2with cespesd| toceaateather Jo6 fitw eprdiias.t This

| -1433 b , : e RN .
ol airent s 1t oget MaASs Bisc s Progomong e e sS it Fa®Corit ritcht fighiti i he
portion on Fi %\grr?éﬁbrfgnd ReLduHBY MbtEPBREIrdAIRS F5100LdErMAIRR the TREsy\Howtates

posi ti oned betwe ousi ng cover” 1407 and rotor cover 1409 in order to
prevent | eakagef thetmeterial.hese two el enents. The enbodi ment of Figures 14

-16 and 19 al so i des roj.ls 153 ' ' .
cooperate vm th nggﬁtl@'ﬁ%%'%iﬁ%w %&5'@‘-} agﬂg‘z‘g‘&t@%eﬁ ﬁé'z'l)ea?h%ﬁ-s&
of the Cori ol i gartielilgr, chfrptiseh tdtopevienadf the striueturetofFigured. Shibwri on IFigure 4
determned in the sane manner as discussed with respect to the enbodi még%

of Figures 3 - .the circylagilid containreent hsising 30 THagving: inlat 302with its gRaniig

Lhe abbar ot ue. PRt ok S4B rtor 18 bainiot SRS phSsbe B3GR cheing
327 and enters the interior of fluid containment housing 301. The fiuid 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

| élte_rnate 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

|REPLACEMENT SHEET |
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' THIS SHZCT HAS BEEN
WD 96/ 29574 . i i t nr}L 337 ik At &% %
PCT/ US96/ 032g0riolis rotor 314 and redirect fiuid ggvgoap?%er ' 1%%%? o
of fins 1423 v02ofisheas decauplen 3dis conical-to give the seceisdiuid an anguiarvelecitys

.....

1424, Housing bage 1401.and h gle! 7 2 Sehf
funnel shaped. asrﬁeeqjtg%@%eﬁgleg %acﬁﬁﬁgaiﬁﬁﬁog R !‘?’ﬁ%@%@ g]%t?&@a foa{t{eg

| eave an annul dtcnh BF FotBEEORS blaté B17 Witich, i furacie attadhed bymearisoof sciéws 318

Fluid exits 5 outer rotor 1414 with little angul ar velocity intog.t

h
annul ar space tocouteenotor 3@7d This direchooupling betweelvituid shear deeouplen 842 and

between the inline flo r e ' Of e

conpared to Fi%&"@% gﬂﬁgggﬂéﬂﬁ{%@w?gﬁn{ﬂ C&r@h?ﬁéﬁ% m%w%ﬁmed
in the enbodi rgme affullr wlbety dsltherCoriclis irtogli Bacause then gxiting fluichisrotating at

required to spin the outer rotor 1114 before entering the periphery of the
~outer rotor. 1the samm aterasothefeoriolis wters “@W&K@GI%W’%%@&%&@?XQ!M | s

1113 formed in .. . ; ' :
1115, Channel <08 Btk dheat, Toig isSiptch G CHRoIRHGRNS) 4 trbin ety B Wfects
as like a screyt thy &igtosity dfhihecekithg rfiuid Smpfovesytheesicturacyr olitite mass flowl6

and 19, however, the fluid enters center of the fluid_shear gdegoupl it h
no angul ar measurasent; ull SPme @HEQQ"F‘E“@MPR%Y@ 3&& Sr ea&'tg&r'léf '? ;§Wg9r )

~the thrust of aé&éﬁféertc:?wﬁék% ﬁﬁsamama&ohgﬁ?gphﬁrﬁfﬁohqwupﬁ%mhbedrméﬁtg. s

forced to change e} rust mechan . 1Is the sanme as :
that described f ofigune 7estowd fusther détalis giithe apparatus shown on Figyre ¢4 Showrs

and 19 together, Ellg%% 056 i AtaiReAt housig 50 SHEP 8P Y072 ank @Hfidlis 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 fiuid
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 spacé
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
d‘ conservation of angular momentum. The 'angular momentum of the incoming

fluid is:
Eq. 12 [=MVR, REPLACEMENT SHEET
Q7
where oct W
Li=ihcoming angular momentum
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14. Fi.gure 15 co t aken along the line 15-15 of Figure
16,. . Fi gur Zﬁ$%§gfgkgss gg?ﬁ%nal view taken along |ine 16-16 of

Figure 15. 20 |—velcﬁrﬁqlofnnmgnmg fluid center, Figure -16:dtsecl-oses; the end
of: torsi onal axle 1413 surrounded by surface 1514 of* Coriol'ts 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.1l5, conprise 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 conpri ses- channel s 1424. As is best seen on
Figure 15, the fluid flow received by channel s 1424 is redirected
by the contoured surface 1510 (Fig. 16) of boss 1512 from an axi al

flowto a radial flowas the fluid travels dowward on Figure 15. The fluid

is al so made to rotate by the fins, 1423, affixed to the rotating
coni cal boss, 1512. This rotating 30 radial fluid flow exits surface
1510 of boss 1512 on Figure 15 and enters the vicinity of the

rectangul ar holes 1422 in Coriolis rotor 1412 as best shown on Figure 16.
37
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manner as showghorcaing2® EPRIVERYo 8% t&bﬁdﬁ%@he hbse iadgmwéﬁqﬁarﬁe?@m’&m
havirng holes 343 in a center recess of the Coriolis rotor, Hut attached in

e
the manner showaverPUtpyis: ef coilso323 amde324.o1With dhe sing waves @ligned Hzeie phase

dosoupl er 342 PRE &1 38 ok | iptRkOR,, At ing théier bHEE i Chmeit, 1 6H
The purpose of bg hswrilgrthe eimsifteival betwesretheephbstgh bhitie e RInWaves koW

t hrough opening 337 and transformthis axial fluid flow,into rotating
radial fluid fPRoriienal ta the passdlaw ratgand 'SHBd%Befyieﬂt&f retarireM-s r ot or

314. The Coriolis l'aH iNed.y narrow in width in the enbodi nent of
Figure 18 as to cgpr‘p?gafrgesc!“%ﬁﬁgélgj\rogdr enbodi nents while the wdth of the
outer rotor 307Ei S éel atively w de conparﬁg t he previously discussed
enbodi nent s. QRS fluid inlet in the € iment of Figure 18 is simlar
to the enbodi ment of Figure 10 in that the received fluid is applied to the
opening 337 of kbt d inlet 304 and exits the fluid contai nnent housing via
openi ng 302 of opening 327.° Figure 17 is sonewhat simlar to Figure 6
in that it shows theangulan displacementthe torsi onal axle 329 connected to the
Coriolis rotor anghhow t.he %Xl' 331 connected to the outer rotor 307 are

connected to the 'T’Mare s of the flowreter fluid contai nnent

housing in the saqﬁ__tmméw\%ﬁbgﬁgéﬁ\p%g or Figure 6. Figure 17 shows notor

1701 connected to axle 331 ich, in the sane manner as shown on Figure 6,
is connected to outer rotor. 307. Torsional axle 329 serving Coriolis rotor

Eq. 25 but _ ¢=}-}- (torsional spring equation)

s

where |
T =Coriolis torque (eq. 11)
K g=torsional spring constant

_ o ' 2 2
Eq. 26 thus Lo _ ¢=mT=MmM
K,
from equations 11, 24, 25 _
Note: RC1 and RC2 are the inner and outer radii of the inner
(Coriolis) rotor. '

Thus:
Eq.27 - o ";’(chz(-Ré)
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314 in the sane i+Es é i SRSVt

of .axte 331 and Fgapgg?@%ﬁ%ﬁ%ﬁg@agr%ﬂ?ttgpléelptferﬁ?ﬁg end,mﬁgﬁévm@gﬁﬁg%gﬁre

%;9 tot axl e 33irebtly lpmpgl)xﬂmfal temass flow rateR . Itinindepepdent abboarnadesicsivisdous
Tetain outer ax 31 within the £l ui . RAEN 1 andj t

bearing cap 33828, andypit,, vﬂi‘% fhis r'%‘(ﬂrﬁfgg %E%§53@§$§0@§ﬁ§u§pP %ng&%a%«gé'yﬁe

rotor system GRYEY AbWhidtésM se as shown on Figure 18. Holes 309 in outer

rotor 307 are curved in the manner shown on Figure 18 so as to inprove the .
ef fici ency of out Fherfacbthagthe mass fowineasusement Rythe anﬂabatugfﬁtr{gﬂmrgsent

< . It DTSR
Fadi al i -t he Touerar nBRoEREaS it HEGF rpiE offery enofhelddBnist, It Mot e ©
i ncrease the qfjd ehanels fhetragiaPhbies) irsthebbuten roter.ctot be shapedsoi as tosreduioer

314 as the rotor systemspins clockw se in Fiqure 18 under the influence, of
notor 1701. THbeipressuredirap AeEOSS thedn@t;eraigdlé%rx friesdg, minimize; Rregsurg, @rop in

connected to hot 88 <idis'tchiide t Wikths Gifitby I HEBHGIs rfisterdtr&dte prissdire ardp®

manner as . .
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 cehtrifugal 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.
EMBODIIMENT 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 fiuid 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 31 4. 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 trie 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
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descri bed, isolates holes 312 of Coriolis rotor 314 fromthe axial fluid
flow received by the flowreter via opening 337 of fluid inlet 304. The
rotation of the rotor system about axle 331 ;by nogor 170i: gauses. t:he
material recei vedEdqydg nl et 304 to pass ghr GQWIVéil@ £s.343.1.1.t he shear
decoupl er 342, through radial holes 312%1 the Co2olis rotor 314 to hol es
309 of the outer rotor 307. The rotation of outer rotor 307 and the
curvature of its holes 309 provides an efficient punping of the received

fluid which exits Thaeaotduy\ORtRE rotoR duectd the fofte véctdr 906, EXit 38 w
of the fluid outward fr%mthe cent er tBortlon of the Cori ol Ve V\ﬁ%{a—g?)mé)

through its h0¢f@§339.@du§t&1t Fsurve 804 ewmsas(%a);lmngribat@torp@ﬂs ivdth tite
the fluid inr @%&?4} 2 to assune an increasing angular velocity as
it flows outwar sfur omthe center of the flowneter. As described in

connection wth FiByutaking thedectort ¢rosstprodact of:thesecte vettiops amemﬁsﬂtutmg
cl ockwi se force onthe riolis rotor and the walls of its holes 312. he

wal |'s of hol esOBBOR IR I 4 jpeef HPQEOWINS he 1 ui d necessary to inpart to it
the increased tangential velocity. This force on the walls of holes 343
causes the Coriglig rotor 314 to lag the rotatlegn of the outer rotor 307
and, in so doi n%q assune a cl ockixss26H4Vs IBr®NSpl acement. from the outer
rotor 307. This angul ar displacenent of the Cor% olis rotor 314 is permtted
by the flexing capabi lities of the torsional axle 329. In the sane
manner as showgnhépe Figures 3, 4, 5, and 6, the apparatus of Figures 17 and
18 is provided wth magnets (not shown) enbedded in the Coriolis rotor 314
and outer rotor 3&~radisl vecios 94| framaotdrscenen@0zto cutve cantersO®R3 and '

a =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 fiuid velocity means that fluids of different
density flowing at the same mass flow rate would resuilt 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 curvatLlre 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. |
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524 of Figure 3. Tt ABIMCTORSRE Gifie OPECAMEANGEFIGIRRCS hAts i heE!

t__hg_a. amount by whi cr] t . L4 1.s angul arl y“eof f.5et W th respect
t'0 the outer rbé cadidiGhd by beaunedif desifestbas’ shownordiguredd & crdes towiscréasen

s or nal i perihgoBir e and e Pgsita oM w0t & AGHRlor WiE 1h8 cliypturg .
is derived by gah8'hollsSi Githé Dutdr rolr BON Havert Bffecti atesartgular sedd of the

fromcoils 323 and 324 - Stop EI n 402 and opening 401 |limt_the angular
of fset of the Gaer wtos80%aswallias the Gorialisye r%&émr@rlsm@ffe@@nthe Coriolis

CHANG NG FLOARATES Th revi.o i . .

the assunpti on"@ﬁs(-ﬂ?ﬂ‘f meﬁ?@ﬁ%ﬁﬁiﬁﬁmw %e@ewrpgﬁ%ﬁ"?&éng p‘%@?s@%bedrﬂﬁ ﬁfae

flowrate i s cqgiay antheO8ridiBeotorivith Fespebitb thereutep rotorehatis tthe sritieal.factor.

During transient conditions torque is required to

. 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 fiuid 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 tangentialiy (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° turn so
that the fluid exits tangentially through jet like openings 1003. The reaction force
of the fluid as it makes this 90° tum 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
roto.r 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.

REPLACEMENT SHEET

070cT19% | | 08 AR T

Kt B




- -

WO 96/ 29574 .
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Magnet 1536 i S howahn embodimentiof ffigure 10 isiconneptest todkaeusing SO ds not showmm
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with coil 1534. Both coils gROTORASSIKET JEY MODPYFIGUREYEr 1407. The
rotation of these magnets past their respeciive coils as their respective

rotors rotate 10 Thejet ratersembedimnentiobFigues 10 hes advantages, |f¢rssome applications,

per i 15 Lo QXS prpod el bocayse 8 SRRV Suokird did s

flowneter to beedgifiiyaldordd eskaridceslfivid ohPdRd veduces pressire drsh. 1531% prifary

connected to neter electronics 1943 which operates as does nete
el ectroni cs 138Qurce of presgegdraprinthe igtvode emboediment ef F!Qh'f%ﬂﬁd$ ithat dug to
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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

i'esplts from the Coriolis force. Electrical noise on the output signals would also .

result in additional uncertainty in the phase angle.l 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.
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havi ng an out elow.ot or 307 positioned within a recess of the fluid

contai nment housi re&’?o[ &Bmwaﬁ%&%?@v Phétdrs A mator 0SS bhdTRdadtired 15 tordue

recess in the out
40 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
inthat it domprises 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

'8, 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
systerﬁ 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
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WO 96/ 29574 annef' since. it is identical to that shown in Sexceptf r ecurv ure ¢ of
PCT/ US96/ 032837 915 dgentical 1o that shown in ﬂ% 10 except for the curval.

fluid shear defe¥Hiso2 ahd 1801 m@ConoIls rotdrcshsaad@uter mtoreﬂﬁkres;m:bwy.of the
Coriolis rotor, but attached in the ure 3.

outer rotor coverTbﬁdiﬂia[srﬁfth%W&Mﬁerowt‘Pf §é7 a@%@%"'@s’?@ E{a?q)cpmeaqtgd%y
I'n uni son Wt'lag%&ea{no* fﬁ%q{ke%?honﬂ@é%eﬁb Qﬁ‘cgwlh'e RrCFi %(’8—13% g@b%ﬁnw

inthe 5 manner as urpose of sh

decoupl er 342 toshapshown on Fgums@-?tl ui d having an axial flow through
openi ng 337 and transformth phating radial
fluid flow that is appl e ot6r 314. '

) QUTLE 2
The Coriolis rotogdted q|1aéhc‘f qugabse%ﬁ ﬂ'\IWeCFdParngbhﬁllseﬁ%dlﬂmheﬁ 1100

Figure 18 as to onpared to the prior iments while the width of
the outer rot diavBitia IﬂBldrIBlbb.ﬂ 102 and ofluid qutleta 1306 coaxial withithe centeyjaxissef the

Flgure 5 i o oiTAGRSIE of tedlaynetetn FiayHpley 100 fultief ey BRI EBhiatiment
received flui Ohd iRl ahd Rt MUBPERIRer 3904 Whidh I8 Wsienlettoduid eosainriont

t he flul nt al nnent housi Nng via opening 302 of o enln 327,

EI gure 17 is slmusmlgaﬁ(l:li by means ©f sctpwse1 617, nTheflewimetes ielarments ingd within
axi'e 331" conneDpclid ForiBinted? HARIAY iy 5?5@%&!@%9%"&%52@?3&?“%@%té‘e
various el emengent shﬁﬁ 1“1?9"‘6‘1361‘10!’%'rbbtcﬁL (not shown mtfessadwvithldnouterrrgtorm 114e
same manner as priorly described for Figure 6. Fig 17
and having a torsion bar axle (not shown) recessed Wl’thln axle 1123. Outer rotor
1114 includes a plurality of holes 1116 which cooperate with corresponding holes
in the Coriolis rotor. The fiuid 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
.111_4, to rotate about its axle 1123. Fluid enters holes 1116 in the same manner
as descnbed 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

d

flowmeter by means of an element comparable
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serV| ng Cori oIrlgi;lt oot Kigu®l 11 froughifiuid buteakto6nanth 88 apeniihiddBn Figure 6 is

4 SQFZ?? hand ondElonrd 4 bnd iz Aatin chapnglf 3144 i bbyatie &kl Al
set screw 332. ma&rhmg A6 3 i@ GparigCf 108 foda a1 desetian thek 4s tanderiaBivth

within the cont ai nnent housing 301 and its bearin

36.
Mot or 1701 prmesmmtheMGep@amery@fmou@rrr@tqtﬂh4heE!eme@# 1§§i’t|9e gdto

Corved " eiindlk IR HRal B8 afeuc 1188 SORGHEL Y Floy 14 Betfaticin

efficiency of gthent Me12rby38crews 1118 whenaltflbLde*alrednimrvmamteﬁwoeateasoas&mem
is rotated countercl ockwi se by notor

rotor 314 ar e replgcgorn inspaet la@armgsam@r a@é 13 %wrﬁqfewsth@pm ELPQW §92 Sediie
enbodi nents s ficiency of the Coriolis notion

det ection by 3‘9%%'"%1'% qegﬁﬁﬁngr %4 as the rotor system spins clockw se
in Figure 18 undeCoid¢13Nn&hd 4182 cooperate with: nagnetsl(?rmtshEEWa) imthe outambtuns
of holes 312 of the Coriolis rotor are caonnect

the fluid shed 16@6‘9@@"53Q@rm9§ﬂefat%o‘t'tﬁﬁt §'Sﬁ%s HSQARY ﬁ?t?fré)'ﬁ?flr‘?m 1i120

41 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 dlsc_:ussed 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 rdtor 1414 and rotates about central
axis 1434 in . ' ' '
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for applying reomentsm 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. Figui'é 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 fiuid 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 cdmprises channels 1424. As is best seen on Figure 15, the.
fluid flow received by channels 1424 is redirected - by the contoured surface 1510
(F|g 16) of boss 1512 from an axial flow to a radial ﬂow as the fluid travels
downward on Fi gure 15. The fiuid 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 entefs the vicinity of the rectangular holes 1422
in Coriolis rotor 1412 as best shown on Figure 16.
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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 i416. 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
hanner 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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means (329) responsive to Coriolis forces generated by said fluid passage
ancL ‘to said rotation of said outer rotor and said Corjiolis detection nmeans

for causing sapthriperisd $l‘ibvd'€fd?fthé@m&62ﬁm&nt of me af fl%Mblh@ar Gddgler 540

saird -outer rotor about said center axis of neans

arranged to prBaying helessids ia ageater recess of ﬂl%fqﬂﬂﬂ'éﬁ@!ﬁﬂ O\ét%nwhﬁé'mﬁmmaer
of said angul agh t V,
said signals t% %?@e‘zl9ﬁ%%n%)s§° %-VT/Otroétcgv sal ﬁl oW &?FF#GLI? érﬁfﬂ;) %
A Coriolis fl oastsrotateimpnisen mith outer rotor 307. Theahébudebmmler%mnh:des&mlag
(301); an outer rotor (100 osi i, ed wi_ thinsaid

and having a cafitd thasamgmanaeras % rzFPgureEi edppgpggsof@%gﬂg g&gﬂ
outer rotor cogxd @ toédiveNid H“a@iﬁg%’n axiaFficw tﬁr@b?ﬁ Vc\fhp@nlng 337 and transform this
Coriolis detection neans (314) at | east a&gart 0 Is positioned in

sai d recess an@xiahfluigflow Mﬁtf@iatlag rediah fluishflew dhatds applinddairadiat holas 312 of

of rotation; . f ' t h

sai d outer rot P"dhsdroé (} 4@%‘?}@ (Iﬁ?igfggétgﬁéﬁ% lat’%é& ohwtﬂggfﬁ tcen?éeb &Iémggf

of rotation; ofFigure 18 as to confipared totihé ptiof éﬁxbbdanentslwl'ugd imedNCO mummmmner
sa rio

ot ect Yon meantolef 307 i eiyBhwids smeareeip dha PraviusAlsRuSSed SMbRdiments,

of said Coriolis gg{ffiid Hbt@ﬁiéseﬁﬂoﬁnfé?ﬂb?hgure 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
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
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
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“area of ssaid Coriolis detection means; a fluid inlet

(304, 337) on said fluid contai nment housi.ng for applying:fluid coaxially
wth said center axis to the center area: of: said*Corioli$ det ect-id.o'n means;
a-plurality of holes (1002) in said outer raotor, Wth each of said holes
ext endi ng f r ofeseribesl isolatasholgs 312 of Cosigligirator %T%mﬁet%"@ :ﬂuﬁﬂ@é’é@@elved

oy o e liiol GRS ogt of i ke " 2o, auter Lover Bl s
said holes (312) The solatiotofithé iretodesystem aboutaxie 331 by mhetohd 764 damsesdhe
Zngt antially n?aq Al 1 bl\?é‘éibﬁnlett %4 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 accéleration 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 Jimpart 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
opéhing 401 limit the angular offset of the Coriolis -rotor 314 with respect to outer
rotor 307.
CHANGING FLOWRATES

The previous calculations have ail 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
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arrangenent being sych thaj, fluid recejved Dy .saj'd i bhet—passes—Taadrally
outward through sai g hol SLBf'Oéﬁ'ﬁﬂwaJ‘??'b?‘?@Béd?gttion means and said rotor
to said fluid outlet of gayfyéd éft?ﬂf‘lﬁir@(gﬁ(%gsai d outer rotor

tangentially causing rotation of the rotor an riolis detection means ,
usi ng energy derived froantduter rotor (387) positioned Withinighid heusingeandhaving a
Coriolis detection nmeans and the rotor; ) means (329)

responsi ve to COREpAXIS afgetaliengener at ed by said fiuid passage and to said

Cai o Cor' ol Pa- et oot on' Ad8reSy (34TLH 0 et nfel SarkRLWRRE cahiciCiph M

rotor about sajdtatigit er axis of rotation; means arranged to
provi de output signals (324, _3232 i ndi cative of the magnitude of said
angul ar of fset; and Coriolis detection ireqres(B 1) at leasy apartofrwhish e pesitianed

{1 ownoter of cInpatl foBRS 2nh AR oaB i doarit i naid conthnamie
a Coriolis rotgitation; 4. They & tler of claim zé\ahere! n: o
said fluid flow through said hol € éf/ said outer rotdr fand said Coriolis

rotor caus#0sai d outer rshaftmeadsg aflowiing rotation a$ both said auterabtortandasaid
center axis so_that the tangential velocjty of the outer periphery of said
outer rotor i 50903@% gﬂ'ﬁcﬁ?q‘ &%ﬁ'@aﬁt@?‘ﬁlsﬁ%cgmer axis of fotafion!

- ' 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 Q/egns} |

16 a’ plurality of holes (309)/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;

20 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 circumferencg of faid outer rotor and in a direction
perpendicular to the center axis of rﬁotien;‘ — |

a fluid outlet (304) on said fluid containment housing; ‘
25 ‘ said outlet being coaxial with said center axis of motio'n; )
the arrangement being such that fluid received by said inlet entergds/
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
30 detection means using erie;gy derived from the fluid as it flows through the holes

in said rotor and said Coriolis detection means;
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provi di ng out put signals ‘conpri ses: Figky

posi tioned on said flui-dnegns %ﬁmﬁﬁapbﬁsfﬁbrtgw()onohs f.,rce° generaiaw 71..‘-.
344) p05|t|oned on said Coriolis rotor and on said outer  rotor;

47 5010/ 02grassage and to sald rotatlon of said dutep mbtor and s=id Eonatgsudetechen myeans
ef fecti ve- upo[}Pthe r.ota |s rotor for en atln

per  odi o out puPr SaufBbEa Fiofigis dstection aneatis & gdsirme & g tgfortisaic
angul ar - of §isetoutbr AftbFaIL Bl Seritet Skisrbtaipect to said outer rotor.

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,

5 _ 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; | 399,73 /

10 - shaft means @afg/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

15 to a center area of said Coriolis detection means; ‘

a fluid inlet (304, 337) on said fluid containment housing for applyidg
fluid coaxially into said center axis to the center area of said Coriolis detection
means; |

a pIurality' of holes (1002) in said outer rotor with each of said holes

20 extending from the outer periphery of said outer rotor to said recess of said outer
rotor with at least some, of séid holes in said outer rotor being in fluid
commumcatxon alignment with at least some of said plurality of sald holes (312) in

.sald Coriolis detection means with the holes having a substantlal’é/()° bend at the
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6.  ‘The POLURZBECTot ¢l ai !IIAHH “I Llll " IIII
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The f er of clai erern sald owneter further conprises

neans (401, 402) for |intHe agahgemenbbeinglsuchithahfiuidirecéioed blyisaid inetrpasses
be angul atac?/%loffset with respect to said outer rotaqr.

8. -
The f1 owret er Iyeoubvarddhepugtsaidiholescefiaid Goriplisdetestion maanssand said rotor

a recess (401) 402
meane navi g atd i Hul ofilk 8 big ek Heter and sxits spid ayter roto |dfiderially b4iha
a second end eiﬁtﬁﬂehwthéw&oﬁahd CAHE detéction ﬁ\eﬁﬁélmﬁgseﬁ@@rdenvéd from the
t he cross-secti-onal area of said recess being effective to I'imt
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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;
35 means arranged to provide output signals (324, 323) indicative of the
maghnitude of said angular offset; and
meaﬁs (351) arranged to receive said signals to derive the mass flow

rate 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 rotbr 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 periphe.‘r:y

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
5 rotor; : -
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. The flowneter of ckajm 7 whe )4 I|mt|ng conpri si ng
a first neans (402) on sai Corlolls rotor gﬂ%ﬂé le%d nmeans (401)
on said out er ot or SEGOISHRC, e geiige Y)e'PPﬁi‘tth%éFPtét'%Qﬁﬁﬁ'ﬂ
rot ation of s
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radl al while sgdicdtiveass théanguldPaifsétrof saidiCorislis rotartwith s eetftbss@id bm@rnrotor
radi al . 501 0/ 028PCT 11. The flowreter of clains and 2

wherein each of said holes in said outer rotor include:
i Sposed substantiafry o0 HdMBElR R B BBEd8 cach ot her!
said coils comprise a fixed coil (324) and a movable coil (323);
said magnets comprise a first set of magriets (344) positioned on a
cover of said outer rotor; '
5 said magnets further comprfse a second set of magnets (316)

positioned on said Coriolis rotor. -

B | 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 fi rst end positioned within said outer
rotor and having a second end extending into said recess of said Coriolis rotor;
5 . the cross-sectlonal 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 comprisiqg
"a first means (402) on said Cariolis 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.
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5 . 5010/02858121 first opening (803) being substantially flush with an

i nner circunferential surface defining an inner.periphery of said

s oe! enren Suveidn Shetssiarsetine 1 =no ZhfeR8F 8t BPSBTRED v
sai.d outer rotgtedtetdratdiige:avay fromthe direction of tangenti al
fluid flow proximate the said outer periphery of said outer rotor.

12. The flowreter of cl airightatgleteleraent having a first (803) and a secaridi(804)opefingw
t hrough said hol es of said guter rotor ang said rioljs : rotor cause
sai d outer rot stpaﬁedﬁgata@gaﬁbﬂﬂges&%ﬁe r??ﬂ%q?_goﬁﬁﬁhpt@id center axis
so that the tangential v ' : @&r 'iémfsr Sal 8

is 5 subsPant ially greg%'@?h[’%aﬁé?rﬁ{ﬁst ngzn?#}gé ve (g%ri't leoﬁu%a&@hflaﬁ{ ﬁﬁr{%{r
sai d outer per ciphhierential sQffacadefiring an inrir@eriphery of said recess of said 6aief rotor;
second openi ng of each of said right angle elenents bein . effective to
scoop said fluid at sai dsaigisacopdopgning,(864) being cigntad mgwstantralhy.pemeedncular

Gor ol 15 ot or 10 4 ey Rehset O S oBHES bl ek ey dns iection of
ool ooy or AP ] pehagotiomid s durppE oML ter o
fluid across - said neter.
' 12.  The flowmeter of claim 11 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 ea&‘n
include; _
a first opening (312, 1002) positioned substantially flush with an inner
circumférential surface defining the inner extremity of said recess' of said outer
5 rotor;
_a second opeping 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
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13. The flowreter of cI aim2 wherein said holes in said outer rotor each
I nckude; : a first opening (312, 1002) positioned

substantially flush w t hs#id seed®l openin dgbemgwf(eeﬁmtrdaiicewatbdn@ﬂdwfdfaaiammdle

i nner extremty of said recess of said outer Qr a
second opehdngoutefstaichflowmefer viasaiddluid oyletl out ¢fr rperlhl '
outer rotor and curved with respect to said firs openg r}\ UBEENd| a
jet-like opening for each said hole in said®t ry offf said
outer rotor; and

owmeter of claims 1 and 2 wherein said flow r
sai d second openi ng be| ng efq ect?ve toc accelerate the ?Pow of sarln frlft‘lert ©

out 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
5 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.

(O
16. The flowmeter of claim 2 wherein:

both said fluid inlet (1406) and said fluid outlet (1403) are positioned
coaxial with said center axis of rotation of said outer rotor; and
said flowmeter further comprises means (1423, 1424) for receiving an
5 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. ' ' ‘
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
5 axial flow of said received flyid from said fluid inlet and for directing the flow of said
received fluid through holes in said Coriolis fotor (1412) and said outer rotor {1414)
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of sardafF8&8§¥%¥”5Ta sai d- flui-d outlet. - - 14.-- -Fhe flowreter of
claims 1 and 2 wherein.said flowefer further conprises:. - a
notor (1701 ),connected to-sajd q ?r rotor fQqr . [ofati bo{h said quter
fotor and sai & oBvids aouidialf s Aot Sneerlel 6 b8 putirpatinhery phesid suter
rotational velgefty with respect to the rotational velocity caused by said
fluid flow, both said outer rotor and said Coriolis rotor
bei ng responsive to said increased rotational velocity for increasing the

pressure of said flyid in said holes and, in turn, the throughput of said
fluid through said¥o owmeter of claim 3 whgeein sgighiawmetar furthensamprises:

as Lo decrease the vel odl 19t BRORART) Fatipctilo e 8boFiai Bur BIch 15 gk

Cori ol i's rotogohtaifmendhousing toEMBIWShia outériotor tar vl diut said &dntbPhRls 4f°
16. The fl wher el n: .

said fluid outlet. : oweter of claiml1l €

both said f I-uirol_atiqn'et (1102) and said fluid outlet (1106) ar i
coms i S centr sp et n s ey er oo TN AN
il Lo of sald iy & foroh bak el dd) ikl BRAeR. e Sfd 1418 dehferdrow

of said received fluid to provide a flul tangential to sald

periphery of salddCorilizrotartamd fositivhed at its otherlénd withiresdid indredsy i 3
wher ei n: both said fluid inlet (1406) and said fluid outlet

(1403) are poSrid frsbaxlebaxi al with said center axis of said rotors; and
B | 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 rotoré 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

16 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 | ~acircular outer rotor cover plate (317) removably affixed to a secoi_]:d
side of said ring element to seal-said recess in said outer rotor; |
a hole in said buter 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 rotatio'nal
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.

REPLACEMENT SHEET] 51

L15MAY 1997 l | AMENDED SHEET

—




il 01 ewBIOPHETher oo ﬂl'!&"’!&ﬂl 1 RN e i

L
fl.ow of said received fl.uid through holes in said. ' ED'@"&&FD(141 ) and
said outer rotor (2914) The ﬂovrreter cf claim: 13- wherein~said fluid - £342)
50 5010/02%Pﬁ,‘&ri' . to provide a fluid flowto said fluid exit
tangential to 5&ter peri phery of said outer r ot or.

a substantially circular element having a center hole (319);
said substantially circular element being affixed to said inner surface
- 6 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
10 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 ffom 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:
5 a conical element (1101) comprising said Coriolis rotor 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); ' |
10 said conical element (1101) and said channels (1113) being effective
for receiving an axial flow of said fluid from said fluid inlet and for redirecting the
flow of said recelved fluid to provide a fluid flow tangential to said outer periphery
of said outer rotor,
said fluid being effective to flow through said holes (1116) in said
15 outer rotor and said channel of said Coriolis rotor;
| -afluid shear decoupler (1111, 1112) rotable in unison with said outer

rotor about said center axi§ of rotation and positioned within a recess of said

Coriolis rotor;
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18.  The BO3MEZBEICHI claim jlmg IHM'H II' QI wrret O fbipnteda FSEE
a first axle (331) connec{-l n out rﬂﬁletSHEaTw/ﬁBEENI fi d

cont ai nment housing to: a llow said outer rotor to rt‘a:t 2 BEBHACEQ| d celpter
axi's of 5 > holds insaidfigilsheahdecouniesexippdingsmrrsaitogT)n said

1 b 9
2ai a cori @ < Caitls valato seust ea 2 ShiCfofinefdiia B, 15,2 okt ©

| ongi tudi nal recess in TRASH )
fi xably connecting sai dsg %@ééeﬂ‘dé%{mgh e?gpgf:%%plg%?emg respocl)'\s%vo sai ddfﬂlﬁrﬂgt

axl e; flow for convertiag té fAafig radiabfloid fiew meceiwed dram\said holes obsaid
‘forces on said Coriolis otor due to the rotation of both of said
rotors as fl wQDrfdlI&\fbV\tmﬁf@ﬂéfhaBzﬂx@'Fﬂ&ldeﬂOWﬁpphe ta gald fluid gpllek o an
angul arly novabl e said Coriolis rotor with respect to said outer r ot or
wi th said angul ar novenent being controlled by the torsional
characteristics 15p0f sgigfdwimstéibfitinid wherein: 19 The
flowreter of claim3 wherein said outer rotor (307) conprises

both said fluid inlet (1406) and said fluid outlet (1403) are positioned

coax:al with said center axis of said rotors;

said flowmeter further comprising:
5 a conical element (1411) comprising part of a fluid shear decoupler positioned so
A 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
10 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 thrdug.h said holes (1422) in said
15 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 hmltmg the angular offset of said Coriolis rotor wnth
respect to said outer rotor (1414).

23. The flowmeter of claim 3 in combination with a fluid shear decoupler
means (342) positioned in_terrﬁediate said Coriolis rotor (307) and said fluid exit
(337); | 0

means (317) for rotating said fluid shear decoupler about said center

t 5 axis of rotation in unison with_ said outer rotor;
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dISC I'i ke en enent (340) connected at its perij a
ring el ement cont ai ni ng said hol es (309) of f d_JthRVAGED o . ad
wherein said flowreter f & =S r
outer rotor cover plate Q{§§$§(?%T)D%%5$@m4tﬁl igar?ecguglgcghec?ns OF It ‘é‘ﬁé%ﬁa

said ring el ermﬁuléuomﬁ@mbw%uﬁ SaRF R6les (312 pofkaid Ovriolie rétor (314);
a hole in said outer rotor cover plate (317) for connecting to said fluid

outlet (304); means on sald fiuid sheardenoupier fomtanvetingyaid angutar duid o
an inner surf f said }10 cov r plate proxinmate said hole in said cover
plate for decg‘fﬂw hgna@xal BY"a?F nal vel ocity of said fluid in said

hol I- yd Co I
ot ationai tate of 1 uifens CAeoREREd Shofd oﬁﬁrﬁﬁ%a b s fuia

20. The fl oviged &5 s&id flidoatiétd wherein said fluid
conpri ses: a substantially circular el m!mﬂ m" ||ent r
men

hol e (319); ' " said substantially circul ar~ af fi
to'said inner surf BE OfASr%eﬁ!]od of operating a Coriolis flowmeter comprising the steps of:

extending a received fluid flow from a fluid inlet on a fluid containment
housing and applied tangentially to an outer circumference of an outer rotor and in
a direction perpendicular to a center axis of motion through holes (309) in said
5 outer rotor (307) positioned within f\housing (301) and having a center axis of
rotation, as well as through holes in a Coriolis detection means (314) at least a part
of which is positioned in a recess (341) in said outer rotor (307)' and having a center
of rotation coaxial with said center axis of rotation;
the arrangement being such that fluid received by said inlet enters the

10 hbles of the outer rotor and passes radially inwardly through the holes of said outer
rotor and said Coriolis detéction 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 throhgh the holes in said rotor and
said Coriolis detection means; | .'

15 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 to the concurrent rotation of said outer rotor aqd
said Coriolis detection means; ' )

providing output signals (323, 324) indicative of the magnitude of said

20 angular offset; and

responding to the reception of said signals to derive the mass flow

rate of said flowing fluid.
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element is aligned with said pIRERLACED :
a plurality of holes (343) -in the outer perlphery 0 My
cittul ar el enent ed@% behmpethod gﬁedemtmg a)ﬁe*ln!is mwem comprisisgihe Siepsafi s
rotor; each of :said Rol es sﬂl d outer gerl phery of said
substant i al | y circul ar deeaiving had t' gt 8y agerntginmens hauging goasially

curved channel, antially circular el ement
to convert théﬁ%?%ﬁ{eg]a?égbﬁéﬁloﬁsﬁ (t)%f{%)ﬂrré#&?% 'ng radial state to an
axial state to decoupl e flgwiflg @aid Alidsthi®igh afplaralithef ﬁbl%%r(SﬂQ! ﬁﬁbéldOCoﬁ@Iisj
fluid. 21. The fl owneter of claim3 wherein: afaf ot

said fluid 8 n|c&te¢tmpaawnbaa@hqu gad holes @xtenqr_tpfyoralﬂae pufarﬁ“‘ﬁhetycnfmicm

with said cent

f
f1 owret er furt(ﬁ%'?o 8?@"{&%‘%%9%3 {Sajd, ¢oriolis dstectiga m?%d
having its tip end adj a%ﬁheﬁﬁdvﬂn%'sﬁld’ﬂdld‘h%uéﬁé%ﬁr’ahty of holes ggp%és?@'dlﬂér

channel s (1113) on the periphery sal d coni el enent exte rom

said tip of saotbranth eath eﬂsmiahble’scextemhmg)fmmthemmei'pénnrmryloteandomjter rotor

el enent positioned adjacent the outer per hery of s& er r ot or %1114)
SomieAEad ol

sai d.coni cal dPSRichfecess of said outer retor wi ef in spidyutagrotor
ond For T elff SEEG Y IR GfnfihRaton § @@S.ﬁ@*é' “F‘:‘ Wt SERIE Gl by di sl ,

tangential to rﬁﬂegl(:mt)m s&idrGCanotis detdctionindeans, the holes in said outer rotor having a

o substa__mtial 90° bend at the outer ends thereof so that the fluid exits the flowmeter

cover *pl-ati106028PGH t hat sal muu "iﬂ!mwj H! |sa| d Jﬂr@ éHEEm{I ar

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;

20 o - said Coriolis detection means assum'ing an angular offset from said
outer rbtor about said center axis of rotation in response to Coriolis forces
generated by said fluid extension to'the concurrent rotation of said outer rotor and
said Coriolis detection means;

" providing output signals (323, 324) indicative of the rhagnitude of sa‘i:d

25 angular offset; and ) )

N responding to the reception of said signals to derive the mass flow

rate of said flowing fluid.

26. The method of ¢laims 24 or 25 wherein said Coriolis detection means
comprises a Coriolis rotor gnd wherein éaid 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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outer rot05010/028PCT said flﬂumumilmuuuﬂmllve to now t hrough said
hol es  (1116) in said outer..rotor SalL sai.d Coriolis rotor:
a fluid shear decoupl er .rotable in unison with said outer rotor about said

center axi sgofs4i@iCHrioRs :GtoF s6 4t ithe ltﬂ@ewt-alwé'b@yrcﬂ@w& sufk pefpRerydf'sald. Suter

rotor:

hol es in said fdtor is stibstentiatly guedter trmmthadangeritrawemnu ofishiasfluid at saidl outer
Coriolis rotor tg said flujid exit of said flowreter; and sai d
hol es in said Pgiphe WW@%'@GD{Q tar. being responsive to said fluid flow for
converting a rotating radial fluid flow received fromsaid holes of said
Coriolis rotor to an axial fluid flow applied to said fluid outlet.

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; ‘
~sa_id second opening (803) of each of said right angle elements beiqg
effective to scoop said fluid at said outer periphery of said outer rotor into an inteﬁdr
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 velpcity of said outer rotor to reduce the pressure drop of said fluid across
said meter. . |
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22 The 5010028RETof claim 3 \/\herel ull ll ' I l llbot h sai'd fluid inlet
(14(96) and said fluid out l. et (24Q3).:a xial wth said center
axis of said rotors; : S saldflovvrreter further conprising: a

coni-cal el ement (143g.) tmmniemmmm memefeémlsdndsmeﬁrodomﬁprmeerthe steps of:
positioned so that its tip end is adjacent said fluid inlet

el ongated fins (1423) es@¥tendingngaldn flvid figw itheaugho a ffléSthPEbHQr {(&'b? 4603)
| el t d t.h dj.a t d |

cold coni cal & L&%@#ﬂtﬁﬁ)éﬁﬂg'aﬁfﬁ SoRLSiB7 beilierd o SR tnfonand SV i gefine

rotor (1414); g jetlike o em f&%cﬁaéaléhﬁl@iﬁtsa?d‘ﬁufér"rgtofﬁ be| ng

effective for r ce|V| r?gma?i | ow of said f d from sal luid inlet
and for redsrecting sai dsa‘idlﬁltstbpemlngblemgeﬁeohvatoag:ebrgtﬂtheﬂbhuﬂfd;afdﬂnidbut
the inner end of said holes 14216P0f said Coriolis rotor;

said fluid bei9fgad flewmeler vig spibvidiqwigbh sai d hol es (1422) in said
Coriolis rotor (1412) and said outer rotor for rotating both of said
rotors; and neans (1401) for extending said fluids fromsaid holes of said

outer rotor to said3g. ui Theniethed of elaim6dwvensbinatimtiwith the step of:  nmeans
(1518) for limting the angular offset of said Coriolis. rotor with respect

to said outer rotor ( 141‘399"3”"9 a mofy (170theonnestadde saig oulesiratos fomrotating
combl nat ol Al B BB A S50 TB@R B0 Gl RBRl< B0 tion atan
increased rotational velocity with respect to the rotational velocity caused by said
5 fluid flow; and
both said outer rotor and said Coriolis rotor being responsive tb 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.

31. The method of claim 26 in combination with the steps of:
rotating a fluid shear decoupler means (342) about said center axis
of rotatiori in unison with said outer rotor;
said fluid shear decoupler being positioned intermediate said Coriolis
5 rotor and said fluid exit; '
applying a rotating radial fluid flow from said holes of said Coriolis
rotor to said fluid shear decoupler means;
converting a rotating radial fluid flow to an axial flow; and .

applying said:axial fluid flow from said fluid shear decoupler to said
10 fluid exit.

32. The method of claim 26 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;
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53 -neans (343) on said fluid sj ear -HEE s for
recei ving gn angul ar f| appliyfrigoan faxéahfiid owotrem saidHpid-inieh ear
rotor (314); means on said fluid shear decoupl er for
converting saﬁ@%@ﬂ meapPuid flow to an axial flow, and means

(319) on said fluid she f

said fluid outlet. S6ig kP el delcBlpRP m?éé‘?’%@ﬁ%‘%"a i ﬁ'“"‘?‘f‘é"«%‘i@
conpri sing thﬁ)téﬁl‘iﬁ)ﬁadiél fluid flow; and

sald fluid shear decoupler means applying said rotating radial fluid

10 flow from fluid shear decoupler means to the inner extremity of said holes of said

Coriolis rotor.

33. A Coriolis flowmeter bompri_sing: |
a fluid containment housing (301) including an inlet (302) and an
- outlet (304);
a rotor (307);
5 means (309, 312, 327, 343, 344) defining a flow channel extending
from sai.d.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;

10 ' 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

15 rate of fluid flow through said ﬂow meter from said inlet to sald outlet;

means for generatlng signals representmg sald angular offset; and
means (351, 324, 323) responsive to the generation of said .S|gnals

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

5 said flow channel from said inlet to said outlet; I
e . This Sheet Has Been
et o IIII!IIHIIIIHHI!IIWII
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ext endi ng 50106Q28RET fluid flow froma fluid inl et'
hdysi ng (301) and applied tangentially te an out erlssdecclii
outer -rotor (307) positioned within said- housing and in- a vis
per pendi cul ar to a flexinga @lmlal'cdﬂ°teot!m rrmn@rmm@ctﬂﬁ w “aldtf@tortlﬁr@ﬁ@qm?fﬁ)t%s
(309) in said outer, rot as thr Ies |0I|s d on
means (314) wPEESiRsS 8ﬂP H@dﬁﬁrﬂm}ﬁ‘ag a'i?l %qu"éé o?gjf?qeﬁgﬁé
~outer rotor ( mdy i Algtisarrgtepxi al with said
center axis ofé)"fz%f:r?(ﬂ‘sj n, rsfi sﬁeﬁﬂ&tlflﬁ refalarﬂrbangerrent béi ng such that fluid
received by said inlet esmdramgmm dffset of shidt Qerialis detectiorm means nepsasenting a
radially inwardly through the holes of said ute lj'hor and,sajd Coriolis

det ecti on t@arcateofifleidi thwough aa@eﬂ%me&r ettorsaid quilel pRE of

said flowreter causing r

usi ng energy derived froﬁé@h@é}f%’83@@&%@8&5@&&%@%&%%&@ ﬁ%?'nlggo gg.l
rotor and sai dﬂ@'iﬁf@l’ﬁ\ﬁtl&?f&“sfaid)mms said Coriolis
detection neans assum ng an angul ar offset fromsaid 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 neans; provi di ng out put signals (323, 324)

i ndi cative of the nagni tude of sai d angul dhis Sifebtdat Bee Reblaced

"responding to the reception of said signal s' m‘l ml "ﬁlﬂm mass flow rate of

f—
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said flow ng fluid. _ 54

25 A nmet hod of operating a C0r| 0I'|79/]fq ovvrrqter corrprl sing.the:steps of
réceiving fluid froma fluid inllet on a contai benent housi hg (301) .
cdaxially into a center area of a Q)I’IO|ISLfe s on mreans, at- 1east p.art.'

of. which i r&ggd%Fn an o 001) din
sai d housi gMETERaving a denire axis of rot e sa@%‘ée ction
nmeans (314) E@_\EmaN¢estra‘oﬁ'o1‘a‘rr€_re)—_x‘|I? WEED DN TEMre ﬂi@ of
I‘OtatIOI’l b 1—r\.\/\ﬂn OO \-—'""l B FOR
(312) in said_goriofis detection—res S i,d ho (%s eéngdl ng
fromthe cent ar ea of §

=5 d

”ﬁl on mians 't|o he
peri phery of said Cori gfd 111 her =f4sw ng
said fluid through a glurality b%l "--"@ u-m']r % 34-?
b . ¥ 3 —-____.__-——'— O g
‘1“'. . 30 —_— f
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rotor ‘wsth each of said holes extending fromthe recess of said outer rotor
to the outer periphery of said outer rgyaeg with at | east: some of.'sai d-hol es
in said outer rotor being in fluid conmunication al i gnment: wi t h ‘at: | east.
some of said plurality of said holes (312) in said Coriolis detect’i on::
means, the holes.in said outer rotor having a substantially 90[err] bend at
the outer ends thereof so that the fluid exits therefromsubstantially
tangentially to the outer .circunference of said outer rotor in a direction

perpendi cular to the center axis of said rotor;349 15 the a rge_rrent
bei ng such that fluid rece| ved by-~said TRl et passes yadially outfwatd

t hrough said hol es of QLt0l | s-de eclypn Eans—gi_sar g rofor 1o pai d
fluid outl et of said?’ s'u et er eMd exits sa d_outer tagﬁ tially
causing rotation of the yoie and,Gerrlollgqg |‘an. '=,..- %ﬁg energy )
derived fromthe quid It fJ» vvs throu_gp_L{]s gs./\ 0¥t he SQrIol1S |
detection nea ?nd t ro , @ 'Q i3 det detton—rkans
assum ng an a%@ set fro,m/saTdJaﬁt—-ef--r -6f

i d senj &= of
rotation in respons€ ’o “Coriefis fi'oées gener at & e \il w\;LI QW and
t he concurrglt r oyat |/fn of /sal,d’ou;er 2‘)3 ethd s' Ay |0I).s detec on
nmeans; . s Pro |dF' out}pul3 gpal 32735 4)\;\4‘|d| gati of th

magni tude df sa d angulrar\e fséogand. I r espondi g\t o he 6
reception &f sdid/si g;{al |
f1uid. ' /

el % 357\
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26.  The nethod of clainms 24 or 25 wher® I said Coriolis detection neans
copprises a Coriolis rotor and wherein said nethod conprises the step-of:
causing said outer rotor and said Coriolis rotor to rotate about said..

fﬁféfraﬁéis in response to said fluid flow through said ?&52;”ofnﬁalgﬁbUtEr
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Ssaid Qoriolis rotor so that the tangential velocity of the outer
perFphery of said outer rotor isBAlbstantially greater than-the
tangential velocity of said fluid at said outer periphery of said
outer rotor. 27. The nethod of claim 26 in conbi'nation--w tH
the step (401, 402) of limting the amount by which said Coriolis
rotor can be angularly offset with respect to said outer rotor.

28. The nethod of claim26 wherein said nmethod conprises the steps of:
directing said fluid flow through a right angle el enent on the periphery

of said outer rotor; i . said ri angl e el ement having a
first (804) and a second (803) 5 opening dis tdfti ally 90 degrees
with respect to each 5 pdd first opening being
substantially flush w Th” anNnner ' allﬁghface defining an
I nner periphery of said recesM of sai sai d
second openi ng bei ng posi tjijgyled, neay, =Rt bstﬁpgially
per pendi cul ar to the outer peri f ijdor Ld-facing away
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ext endi ng said fluid flow fromsaid right angle el enents through said
hol es of said Coriolis rotor to cause said outer rotor and sald Coriolis
rotor to rotate about said center axis of roffg .
tangential velocity of the outer peri pheysi

substant i al Ie@e??ker{ela Eelit?nﬂfn"'ﬁiglfoﬁé‘élp‘?ﬁaﬁs’

outer per I Sal

(803) of egghiraéy orrwmt@ﬂﬂéeu laeamBhswhichi tlirr, i
said fluid atlsalfiﬁ*(ﬁt erl peri ph er?ﬁgf sai d out 291 (r),
of said ri ghhassaftew aatel afrthetfluidind t hr ough sai d hol ¢
and out of a fluid outlet- of said flowreter
sai d right angl U&. Patent 2,833,218 disclases @ sotasy ?lewmeéert 'I'i‘ewal’fﬁ‘lﬂ ggse 10 encloses

rotational vel 00|t of sai.d oyter_ rot duce .t he re r | d
fluid acr ospair of gp@ptﬁgt@peﬁers _5_QanaD 90 wq'ncﬁ are Srlver}iBgl r%ﬁ%gr?rgjaﬁfla%?rﬁ% d

flow from sai g ﬂ'é\g i flid R difdcted hifhiflstSRRE 72 of ffelsdtoRbarfeiiseller 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 changés 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
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fluid fl ow

through said flow nmeter fromsaid inlet to said outlet;
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 contair_\ment 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 flovy 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 trom the law of

conservation of angular momentum. The angular momentum of the incoming fluid is:
Eq. 12 [=MVR,
where _
k;=incoming angular momentum
18
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fl ow i*nf or mat 10 Ok said material . 34. ating a

Coriolis flowreter conprising the steps of: Substithtd sheet - 14cALGOSt pO98
fluid through a {| ow &Gyt flowarieten compiting® an quil ep GAUR 1998 f| u{ d

cont ai nnment housi ng and across a rotor; : rotating pajd rotor
usi ng energy derived 4 floid ¢dreaibhiment hblusingrig0thr ough sai i nlet to
said outlet; flow channel fromsaid inlet to saidloutletf;
58 an outef |refer (307 mEsitianedswitbincsaid houping RHACIINRE Aceenter
said rotor in response to forces in said flowwng fluid to provide an

angul ar of f&¢t o‘eﬁﬁ?'b‘?'ht ion of said Coriolis detection means with respect to

the rotation of said 4 Péc%gs'f (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 6f 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 fordes|gerferate

and to said rotation of said outer rotor and said Coriolls detection means for

sing 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;

afluid 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 df 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° bend at the
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circumference of said rotor in a direction perpendicular to
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;
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14. The flowmeter of claims 1 and 2 wherein sgic er 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 resped 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 (1111,1113) 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
flovy 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)
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20. The flowmeter of claim 19 wherein said fluid de ouglﬁrﬁy%%n[ riges:

a substantially circular element having a centgr 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) comprising-said-Cortetis—roter 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 (1111,1112) and said channels (1113) 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 (H-4++442) rotable in unison with said outer rotor

about said center axis of rotation and positioned within a recess of said Coriolis rotor:
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holes in said fluid shear decoupler extTn ing2ftbAUGKIBoles fin said
Coriolis rotor to said fluid exit of said flowmeter; and
said holes in said fluid shear decoupler being résponsive to safdfidid flow

for converting a rotating radial fluid flow received from said holes of said Coriolis rotor

Substitute Crheet - 14 August 198

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;
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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 36A-pesitioned-withir

a-housirg-(301)-and-having-a-center-axis-ofvotation, as well as through holes in a
coriolis detection means (314) which has at least a part ef-whieh-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 6ﬁiput 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.
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25. A method of operating a Coriolis flowmeter ¢ of4

receiving fluid from a fluid inlet on a contai ially

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) jn 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°
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.
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26. The method of claims 24 or 25 wherein sajd iolis detection me¢ans

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

55a



IREPLACEMENT SHEET

20 AUG 1998

RO 0 A
' Substitutk sheet - 14 Augyst{1998

applying an axial fluid flow from said fluid inlet to said flyid 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-flowmatercomprising:

a fluid containment housing (301) including an inlet (302) and an oftlet

(304);

a rotor (307);

means (309, 312, 327, 343, 344) defining a flow channe¥extending from
said inlet to said outlet, and radially across said rotor;

said flow channel defining means including meaps (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) conrfected to said rotor and including
means responsive to said ﬂqwing fluid and said rotation for flexing to provide an angular
offset in rotation of said Coriolis detectiop’means with respect to the rotation of said
rotor;

said angular offset of/6aid Coriolis detection means representing a rate of
fluid flow through said flow meter from said inlet to said outlet; |
means for gererating signals representing said angular offset; and
71, 324, 323) responsive to the generation of said signals to derive
flow information fof 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 coitainment housing and across a rotor;

rotating said rotor using energy derived from the fluid flowing through said
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forces in said flowing fluid to provide an angula»_lL _gffset in rotatio said Coriolis
detection means with respect to the rotation of said r

said angular offset of said Olis detection means representing a rate of
fluid flow through said f eter from said inlet to said outlet; and

etecting said angular offset of said Coriolis detection means to derive flow
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A Coriolis flowmeter having an outer rotor (307) positioned within a housing {(301) and having a recess coaxial (341) with a center
axis of rotation. A Coriolis rotor (314) is positioned in the recess of the outer rotor and has a center of rotation coaxial with the center
axis of rotation. The Coriolis rotor has a plurality of holes (312), each of which extends from the outer periphery of said Coriolis rotor to
a center recess of said Coriolis rotor. The outer rotor has a plurality of holes (309), each of which extends from the outer periphery of the
outer rotor to the recess of said outer rotor with at least some of said holes in said outer rotor being aligned with & comesponding one of
said plurality of said holes in said Coriclis rotor. A material inlet (302) extends fluid through holes of both the outer rotor and the Coriolis
rotor to a material outlet (304) of the lowmeter. Both rotors rotate about the center axis of rotation when material is received and passes
through the holes of the rotors. Coriolis forces generated by the material flowing through the rotor holes and the concurrent rotation of
both rotors cause the Coriolis rotor to assume an angular offset from the ocuter rotor about the center axis of rotation. Sensing coils (323,
324) and magnets (316, 344) gencrate output signals indicative of the magnitude of the angular offset of the Coriolis rotor and the mass
flow rate of the flowing material.




