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HIGH TEMPERATURE DRIVE SYSTEM FOR
A CORIOLIS MASS FLOWMETER
- Field of the Invention

~ This invention relates to a drive system designed to operate in a high
temperature environment where the temperature may reach 650 degrees Fahrenheit.
More particularly, this invention relates to a drive system for a Coriolis flowmeter that
operates in a high temperature environment. The present invention also relates to
placing the drive system of a Coriolis flowmeter on the top, outer side of flowtubes
loops to maximize the efficiency of the drive system.

- Problem

It is known to use Coriolis effect mass flowmeters to measure mass flow rate
and other information of materials flowing through a pipeline as disclosed in U.S.
Patent No. 4,491,025 issued to J.E. Smith, et al. of January 1, 1985 and Re. 31 450
to J.E. Smith of February 11, 1982. These flowmeters have one or more flow tubes
of a curved configuration. Each flow tube configuration in a Coriolis mass flowmeter
has a set of natural vibration modes, which may be of a simple bending, torsional,
radial, or coupled type. Each flow tube is driven to oscillate at resonance in one of
these natural modes. The natural vibration modes of the vibrating material filled
systems are defined in part by the combined mass of the flow tubes and the material
within the flow tubes. Material flows into the flowmeter from a connected pipeline on
the inlet side of the flowmeter. The material is then directed through the flow tube or
flow tubes and exits the flowmeter to a pipeline connected on the outlet side.

A driver applies a force that causes the flow tube to oscillate. When there is
ho material flowing through the flowmeter, all points along a flow tube oscillate with
an identical phase. As a material begins to flow through the flow tube, Coriolis
accelerations cause each point along the flow tube to have a different phase with
respect to other points along the flow tube. The phase on the inlet side of the flow
tube lags the driver, while the phase on the outlet side leads the driver. Sensors are
placed at two different points on the flow tube to produce sinusoidal signals
representative of the motion of the flow tube ai the two points.

A phase difference of the two signals received from the sensors is calculated
in units of time. The phase difference between the two sensor signals is proportional
to the mass flow rate of the material flowing through the flow tube or flow tubes. The
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mass flow rate of the material is determined by multiplying the phase difference by a
flow calibration factor. This flow calrbratron factor is determined by material properties
and cross sectional propertres of the ﬂow tube

. One type of drrver commonly used |n a Conolls ﬂowmeter is-an electromagnetic
driver. Acommon electromagnetrc drlver has a magnet havmg afirst surface opposed
to acoil. The magnet Is affi xed toa f rst ﬂow tube and ‘the coil is affixed to a second
flow tube. The magnet and coil are counterbalanced to facrlrtate oscillation. In a
preferred embodrment the magnet has a magnet pole attached to the magnet end
opposing the coil to extend the magnet ‘An alternatlng electrical current is applied to
the coil which causes the corl and magnet pole to alternately attracted to and repelled

from one another. Thxs causes the flow tubes to oscrllate A magnet keeper encloses

- the magnet to. dlrect the magnetrc flux into the corl wrndrngs Plastic sleeves are

typically used to alrgn the magnet magnet pole magnet keeper and coil. The magnet
poles, magnet and magnet keeper are typlcally affi xed to one another with an epoxy
adhesive or other: type glue. : f :
ltis a problem to incorporate a conventronal electromagnetrc driver. into. a
Coriolis -flowmeter ;_t_hat operates in a_high temperature environment where the
temperature may reach 650 degrees Fahrenheit. At these high temperatures, the
plastics and adheSllres used to align and affix compo;n_ents of the driver will degrade
which causes mechanical failures in the driver Th;efre:i:s a need for a driver that does
not contain matenals that degrade ina hrgh temperature environment.
- Asecond problem in Conolrs ﬂowmeter drive systems is the need for efficiency
in the driver. Driver efficiency is especral_l_y a proble_rn in mid-size flowmeter typically
used to measure flow through a 3:inch pipeline. ‘In smaller--flowmeters. efficiency is

“not a problem because the amount of power applied‘to the driver by a transmitter is

enough to provrde suft’ cient force to oscillate the ﬂow tubes. In a larger flowmeter,
efficiency is typrcally nota problem fora dnver because an amplifier is typically added
to the drive circuitry to increase the amount of power_g._applled to the coil.. This assures
that the driver cani apply a sufficient force to osCill'ate the larger flow tubes. The

amplifiers added to the drivers of large ﬂowmeters are expensive and add greatly to

- the design and productlon costof a flowmeter
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. There is typicaliy enough power applied to the driver by the transmitter to drive
the flow tubes in a8 mid-sized flowmeter. Howeveﬁ;;g:;-__tjfg--driver has to be extremely

efficient because there is not a great margin between fhe amount of power available

‘and the power needed to drive the flow tubes. There is a need for more efficient flow

tube drivers especially in these mid-size flowmeters.
Solution

The above and other problems are solved and an advance in the art is made
by the provision of a high temperature driver. The high temperature driver is
constructed of material that will not degrade at high temperatures. All of the
components of the high temperature driver are made of material having matching
coefficients of thermal expansion to allow the material to expand and contract at the
same rate to prevent damage to the driver due to the high temperature.

- The high temperature driver has a coil assembly attached to a first flow tube
and a magnet assembly affixed to a second flow tube. The magnet assembly of the
driver is configured in the following manner to avoid the use of plastics and glue to
affix or align the components. A first surface on a first end of a magnet is juxtaposed
to a first end of a coil. A magnet pole is a metal member affixed to the first surface of

the magnet between the magnet and the coil with a first surface facing the coil. The

- magnet pole is alternately attracted to and repelled from the coil as an alternating

current is applied to the coil. The magnet pole is affixed to the first surface of the
magnet by a recess formed in a second surface of the pole which receives a first end
of the magnet and caps over the first surface of the magnet. Magnetic attraction holds
the magnet pole in place on the magnet. A second end of the magnet is pressed into
a magnet sleeve. The magnet sleeve is then brazed or welded to a surface of a
magnet keeper. The magnet keeper is a platform which is the base for a magnet
assembly. Walls on opposing sides of the magnet keeper substantially enclose the
magnet to direct the magnetic flux of the magnet into the windings of the coil. The
limiting of the magnetic field maintains the alignment between the magnet and the coil.
Mounting brackets are affixed to a second surface of the magnet keeper and are
brazed to the second flow tube affixing the magnet assembly to the flow tubes.

A coil assembly is configured in the following manner to eliminate the use of

plastics and glues in the driver. -The coil is affixed to a coil bobbin which is affixed to

3
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a first surface of a coil spacer. The coil spacer is of a sufficient mass to act as a
counter balance to the:magnet assemt?l_,y;.*- Mounting brackets are affixed to a- second
surface of the coil 'Spacer to affix the coil assembly te 'the first flow tube. -

The high temperature driveri is also made more eff' cient in a Coriolis flowmeter
by affixing the driver to flow tubes on outsrde the ﬂowtubes at the top of loops of the
tubes. The position on the outside of the loops is where the amplitude of the tube
oscillations are the greatest which generates a greater amount of back electromotive

force (EMF) in the drrver The position of the_dnver_ also increases the distance

between the driver _anq_ brace bars on the flow tubes vyhtch gives the driver a greater

mechanical advantag:'e: or |everage fcr oscillating the ﬂow tubes.
The following- are aspects of this invention as set forth i in the below claims.
A first aspect of thrs invention is a drive system for a Conohs flowmeter capable of
operating in a high temperature envrronment having a magnet and a coil mounted in
opposition to a fi rst end of the magnet The drive system includes: magnet keeper
having a first surface and a second surface. A hlgh temperature resistant means
attaches a second end of the magnet to the first surface of the magnet keeper. The

high temperature resrstant means (220) for attachmg includes a magnet sleeve having

“a second end of the magnet press fit into the magnet sleeve and the magnet sleeve.

being welded to the ‘magnet k_eeper. The drive system also includes means for
attaching the magnet keeper to a flow tube and
means: for attachlng the coil to a flow tube.-

In another aspect of the invention the dnve system further includes walls
extending outward fro_m the fi r_st surface of the magnet keeper and at least partially
enclosing the magnet. to dir_ect the magnetic flux of the magnet to optimize osciliation
of the magnet and the coil. ' _

in another_"as:'pect of the invention the drive system operates in a high
temperature enviro':nment that reaches 650 degree's Fahrenheit.

In another aspect of the invention, the drive system is composed of materials
having matching coefficients of thermal expansron

In another a__sp_ect of the invention, the dnve system includes-a coil spacer
having a ﬁrst-surfac'e fixedly attached to a-'seco.nd: end of the coil and having a

sufficient mass to provide a "co_unt'er weight to the magnet. '

. -
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In another aspect of the invention, the means for attaching the magnet keeper
to the flow tube is a firgt set of mounting brackets affixed to the second surface of the
magnet keeper. _

in another aspect of the invention, the means for attaching the coil to the flow
tube is a second set of mounting brackets affixed to a second surface of the coil
spacer. -

In another aspect of this invention, the first set of mounting brackets are affixed

-to a top side of a first flow tube and the second set of mounting brackets are affixed

to a top side of a second flow tube.

In another aspect of the invention, each of the first and the second set
mounting brackets include a base for attaching to said drive system, a wing extending
substantially perpendicular from the base, and a curved edge on a first end of the wing
that is fixedly attached to a flow tube.

In another aspect of the invention the drive system also includes a magnetic
pole machined to cap a first end of the magnet and held in place by magnétic
attraction to the magnet.

- Description of the Drawings

The above and other advantages of the high temperature drivers can be
understood from reading the below detailed description and the following drawings:
FIG. 1 illustrating a Coriolis flowmeter:

FIG. 2 illustrating a high temperature drive system from a first side; and

FIG. 3 illustrating the high temperature drive system from a second side.
Detailed Description

Coriolis Flowmeter in General -FIG. 1

FIG. 1 illustrates a Coriolis flowmeter 5 comprising a flowmeter assembly 10
and meter electronics 20. Meter electronics 20 is connected to meter assembly 10 via
leads 100 to provide density, mass flow rate, volume flow rate, totalized mass flow and
other information over path 26. It should be apparent to those skilled in the art that
the present invention can be used by any type of Coriolis flowmeter regardless of the
number of drivers or the number of pick-off sensors.

Flowmeter assembly 10 includes a pair of flanges 101 and 101’, manifold 102
and flow tubes 103A and 103B. Connected to flow tubes 103 A and 103 B are driver

5
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104 and pick-off sensors 105 and 105'. Brace bars 106 and 106" serve to define the
axes W and W' about which each flow tube 103A and 103B oscillates.

When ﬂowmeier assembly 10 is inserted into a pipeline system (not showny
which carries the material being mea_sure’d,: material enters flowmeter assembly 10
through flange 101, passes th’rc__)Ugh- manifold 102 where the material is directed to
enter flow tubes 103A and 103B, flows through flow tubes 103 A and 103B and back
into manifold 102 where it exits meter assembly 10 through flange 101",

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

Flow tubes 103A-B aré driven by high temperature driver 104 in opposite
directions about their respective bendin'g ax'és W and W’ and at what is termed the:
first out of bending fold of the flowmeter. High Temperature driver 104 is a drive.

- system comprising a magnet mounted to flow t_ube 103A and an opposing coil

- mounted to flow tube 103B. An drive signal which is an alternating currentis applied

by meter electronics 20, via lead 110 to-driver 104 and cause drive 104 to oscillate
flowtubes 103A-B. | |

In order.to maximize the 'efﬁciency of high temperature driver 104, driver 104
is mounted to the outside of the loops formed by flow tubes 103A and 103B. High
temperature driver 104 is positioned on the'outside of loops because that is where the
amplitude of the flow tube oscillations are greatest. As the amplitude of the
oscillations increases, the back EMF generated between the coil and magnet
increases. The increase in back EMF increases the efficiency of driver 104.

The increase in back E_MF is do to the greater. amplitude of the movement
between the coil and magnet in driver 104. The following equation determines the
amount of back EMF produced by driver 104.

EMFu= B*V)*L - )

-~ where:

B= magnetic ﬂux density;
V= velocity of the coil with respect to the magnet; and

L= coil wire length.
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From the above, equation V can be determined by the following equation:

V=2*A*w o @
where: |

‘the equation is multiplied by 2 since both the magnet and coil oscillate;

A= amplitude of the displacement between the coil and magnet; and

w = angular velocity of the coil with respect to the magnet.

It is known that

w= 2'[[*F (3)
where

F= tube frequency.

Substituting equations (2) and (3) into equation (1) produces the following equation:

EMF,..=B *4*A*[[*F"L (4)

It can be assumed that B and L remain constant in a given driver. Therefore, only
A or F can be increased to increase the back EMF. In order to increase the amplitude
(amplitude), the magnet and the coil must be placed in the position on the flow tubes
that move the farthest distance apart which is the top of the flow tubes.

A second advantage of mounting driver 104 outside of the flow tube loops is
that the distance between the brace bars106-106' and driver 104 is increased. The -
increase in distance creates a greater mechanical advantage or leverage about axes -
w-w' for driver 104 to oscillate flow tubes 103A-B. The greater mechanical advantage
also increases the efficiency of driver 104. The following is a proof that the position
of driver 104 on top of the flow tubes increases the efficiency of driver 104.

It is known that F, the force required to move a cantilever such as a flow tube
is expressed in the following equation:

F=(-3*y*E *I)yL? (5)

- where:

y= the deflection of the flow tube;

E= the modulus of elasticity;

| = moment of inertia; and

L = the length of the cantilever which is the distance o f the of the driver from
the brace bars or the flow meter of flowmeter.
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As length increases, '-the force required to oscillate the flow tubes decreases.
This assumes that all y remains constant. As the force required to oscillate the flow
meters increases, the power reqmred to oscillate the flow tubes decreases. The
decrease in requrred power is proved by the followmg -equations:
‘work=2 { (F*A) (F* -A)} S e (6)
where o . T .
A= distance the tubes are oscillated. b
Power = work/ time : ' :?‘ '- 7
Substituting equatlon (6) into equatlon N produces the following equation: -

Power=2* {(F *A)- (F*-A)Y time (8)
Re arranging equatlon (8) produces: ' . -
Power * trme =2%F*Ap . (9)

From equation (9) 1t can be seenthatas F decreases the power needed to oscillate

the flow tubes per un|t time decreases. From equatlon (6), it can be seen that force

- decreases as the Iength of the mechamcal cantrlever increases. Therefore, placing

- driver 104 on the top side of the loop redtices the power needed to drive the flow

tubes by increases the length of the cantllever .

Meter electromcs 20 receives the right and teft velocity signals appearing on
leads 111 and 11 1', respect_xvely. Meter.electromc_s 20 produces the drive signal on
lead 110 which causes driver 104 to oscilate flow tubes 103A and 103B. Meter
electronics 20 'proceee left and right velocity signale_ 'to compute mass flow rate and

other properties offth"e material ﬂowing' through the'-;-ﬂow tube. Path 26 provides an

input and an outpqt-'means that allows meter electronics 20 to interface with an

operator.

High Temgerature Dnver System 104- FIGS. 2 and 3.
High Tempera_ture Driver 104 is illustrated i m FIGS. 2 and 3. For purposes of

discussing the 'relatiohship between the component's'of high temperature driver 104,
FIGS. 2 and 3 wnll be referred to mtermxttently |n the below discussion. High
temperature driver 104 does not have any plastic components that would degrade in

-a high temperature_ environment where the temperature is significantly higher than

ambient temperature"and may reach 650 degrees Fahrenheit. Epoxy adhesives and
other adhesives that are typically used to affix comp_onents to one another in prior art

8 :
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drivers ="éire not used in high temperature driver 104 because the adhesives tend to
degrade in high tem_ﬁi‘éféture environment. The inVéf_j;ive aspect of this invention is
the use a device that resistant to high temperature to attach magnet 230 to a magnet

‘keeper. In the preferred exemplary embodiment described in FIGS. 2 and 3 the

device attaching the magnet to the magnet keeper 210 is magnet sleeve 230.
However, it is envisioned that other method including but not limited to a focking
device, a screw and treaded opening, or a recessed cavity with the magnet pressed
fit into the cavity could be used to attach magnet 230 to magnet keeper 210.

The components of high temperature driver 104 are made of materials have
substantially equal coefficients of thermal expansion (CTE). The substantially equal
CTEs allow the materials to expand and contract at equal rates due to temperature

changes without damaging high temperature driver 104. High temperature driver has

“magnet assembly 201 and coil assembly 202. Magnet 230 and coil 250 are opposed

to one another to provide the oscillation of driver 104. The base of magnet

assembly 201 is magnet keeper 210. Magnet keeper 210 has a substantially elliptical

platform 211 with a first surface 212 and a second surface 312. Walls 213 and 214

extend outward from the substantially circular ends of first surface 212. Each wall 213
and 214 has a ledge extending inward from the end 217 of the walls. Walls 213 and
214 control the size and direction of the magnetic field of magnet 230 to keep magnet
230 and coil 250 aligned.

Mounting brackets 281 are affixed to a second end 311 of magnet keeper 210.
Mounting brackets 281 have a base and wings 283 that extend perpendicularly from
the base. The wing have a bottom edge that is curved to mate with a flow tube. The
curved edges of wings 283 are a brazed or welded to the flow tube to affix magnetic
assembly 201 to the flow tubes. Screws 282 are threaded through washers 284,
openings 285 of mounting brackets 281, and openings 313 of magnet keeper 210 to
affix mounting brackets 281 to magnet keeper 210.

Magnet 230 is a substantially cylindrical magnet that has a first end 231 and
a second end 232. Magnet 230 is press fit into magnet sleeve 220. Magnet sleeve
220 is made of metallic material that can be brazed or welded to first surface 212 of
magnet keeper to secure magnet 230 to magnet assembly 201. In the preferred

exemplary embodiment, Magnet sleeve 220 is a ring of steel carbon that has an

9
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- opening 221 that is sized to have a radius that is slightly less than the radius of

magnet 230. , .

Magnet pole 240 is ' made of a magnet materzal and is affixed to first end 231
of magnet 230. Magnet pole 240 is attracted and repelled by the coil 260 to cause the
oscillation of high te'm'perature driver 104. Ma'gnet pble 240 has a cavity 341 defined
by a wall 343 extendmg outward from the edge of surface 342. Cavity 341 receives
first end 231 of magnet 230 to:form a cap over magnet 230. Magnetic attraction

- between magnet pole 240 and magnet 230 holds ma_gnet pole 240 in place. -

Coil 250 'acts__a's_ an electromagnet. As an al_terhating current is applied to coil
250 the polarity of eoil'250 changes. The-ehangé'.in polarity in coit 250 causes
magnetic pole 240'to be alternately attracted -a'ng_:j_%re_pelled--from coil 250. When
magnet pole 240 is ivep'elled from coil 250, magnet assembly 201 is pushed away from
coil assembly 202. ".W_hen magnet pole 240 is aﬂradted to coil 250, magnet assembly
201 is pulled towardcoil assembly 202.. | |

Coil 250 is wound around coil bobbin 260.:5.:C_oil bobbin-260 is an insulated

“ spool that acts as-a:"sﬂupport for coil 250. In the.prefen_'ed embodiment, coil bobbin 260

is a platform 261 fhaving an opening 262. - Ele_t;trical lines (not shown) supply
electrical current to' coil 250. Bolts 294'are:inser§ed- through openings 271 of coil
spacer-270 and openings 262 of coil bobbin 260 to -afﬁx coil bobbin 260 to coil spacer
270. . S ;

Coil spacer 270 is the base of coil assembly:202. Magnet assembly 201 and
coil assembly 202 'mhst be the same mass to cause the oscillation of the driver 104
as the current apphed to coil 150 alternates. Coil spacer 270 is of a sufficient mass
to act as a counter welght to magnet assembly 201. A counter weight must be added
to coil assembly 202 because magnet 230 and the .other components of magnet

-~ assembly 201 have. _:'a=greater mass than coil assembly 202. Spacers 272 extend

outward from first end 372 of coil spacer 270. The:spacers 272 are affixed to coil
bobbin 270 and add width to coll assembly 202.. The additional width is needed to
-place coil 250 in-a position proximate magnet pole 240. Mounting brackets 291 are
affixed to a second end 272 of coil spacer 270.

Mounting bracﬁ_kets 291 have a base and a wing 293 that extends substantially
perpendicularly from the base. Wings 293 are form:v_v'ith a curved bottom edge which

10
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is mated to the cur\)ature of the flow tube. The curved bottom edge is brazed or
welded to the flow tube. Coil assembly.202 is held tox ether by bolts 294 which extend
through openings : 292 271, and 262. Nuts 295 and washers 296 are threaded onto
the end of bolt 294 protruding through opening 262 to secure bolt 294. It should be

. noted that one skilled in the art will recognize that is possible to affix the components

of coil assembly 202 using other method such as brazing or welding the components
together.

The above is one exemplary embodiment of a high temperature driver affixed
to a top side of a loops in a Coriolis flowmeter. It is expected that those skilled in the
art can and will design alternative high temperature drivers that infringe on the drive

system as described below either literally or through the Doctrine of Equivalents.

1
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1. A drive system (1 04) fo'r'a Coriolis flowmeter (5) capable of operating in a high
temperature enwronment havmg a magnet (230) and a coil (250) mounted in
opposition to a first. end (231) of said magnet (230) said drive system (104)

- comprising:

amagnet keeper (210)having a first surface (21 2) and a second surface (213);
high temperature reSistant means (220) for attachmg a second end (232) of

 said magnet (230) to said first surface (212) of- sald magnet keeper (210) wherein

said high temperat_ure resistant means (220) for at_taehlng includes a magnet sleeve
(220) having said second end (232) of said magnet _(230) pressed fit into said magnet
sleeve (220) and said magnet sleeve (220) being we_lded to said magnet keeper (210);
means for attechi.ng (281) said magnet ke:'ep'er (210) to flow tube means
(103A-103B) in sai.d--Coriolis ﬂoneter (5); and : |
means for a_ttaehing (29 1{) said coil (250) to said flow tube means (103A-103B.

2. The drive system (104) of claim 1 further compﬁéing: :
walls (21 3—21_4) extending outward from said first surface (212) of said magnet

keeper (210) and at least partially enclosing said magnet (230) to direct the magnetic -

flux of said magnet (230) to optimize oscillation of said magnet (230) and said coil

(250).

3. The drive system (1 0_4) of claim 2 wherein said high temperature environment

reaches 650 degrees Fahrenheit.

4. The drive system (1 04) of claim 1 wherein said Qriye system (104) is composed of
materials having matching coefficients of thermal expansion.

5. The drive syste_m (104) of claim 1 further compri_si_ng:

a coil"'spacer (270) having a first surface ﬂkedly attached to a second end of

said coil and having a sufficient mass to prdvide a counter weight to said magnet
(230).

12
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6. The drive systern' (104) of claim 5 wherein said means for attaching (281) said
magnet keeper (21 O)to said flow tube means (103A-103B) comprises:

a first set of mohnting brackets (281) affixed to said second surface (211) of
said magnet keeper (210).

7. Thedrive system (104) of claim 6 wherein said méans for attaching (291) said coil
(250) to said flow tube means (103A-103B) comprises:

a second set of mounting brackets (291) affixed to-a second surface of said coil
spacer (270).

8. The drive system (104) of claim 7 wherein said first set of mounting brackets (281)
are affixed to a top side of a first flow tube (103A) and said second set of mounting

brackets (291) are affixed to a top side of a second flow tube.

9. The drive system (104) of claim 8 wherein each of said first and said second set
mounting brackets comprises:

a base for attaching to said drive system;

a wing (293) extending substantially perpendicular from said base; and

a curved edge on a first end of said wing that is fixedly attached to said flow
tube.

10. The drive system of claim 1 further comprising:

a magnetic pole (240) machined to cap a first end (231) of said magnet (230)
and held in place by magnetic attraction to said magnet.
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