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[57] ABSTRACT

A parallel path Coriolis mass flow rate meter, which
incorporates improved inlet and outlet manifolds, is
disclosed. Each manifold includes a transition piece and
a tube mounting block. The transition piece incorpo-
rates a passageway to route fluid into or out of the
meter and has a gradually changing cross-sectional area
to reduce cavitation. Each tube mounting block has one
end fixedly attached to a respective one of the transition
pieces. The other end of the tube mounting blocks re-
ceives the parallel flow tubes. One mounting block
evenly divides incoming fluid whose mass flow rate is
to be determined between the parallel flow tubes while
the other mounting block combines the fluid discharged
from the flow tubes. Each of the tube mounting blocks
is fabricated with an internal shoulder which aligns each
of the flow tubes in a parallel relationship to one an-
other and then suitably melts upon application of heat to
maintain this relationship. The mounting blocks and
transition pieces also incorporate various mechanical
configurations which facilitate assembly of the meter
and advantageously reduce the cost of the meter.

20 Claims, 4 Drawing Sheets
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PARALLEL PATH CORIOLIS MASS FLOW
METER

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to apparatus for a paral-
lel path Coriolis mass flow mass meter and, more partic-
ularly, to such a mass flow meter which is easier to
fabricate and which has improved measurement accu-
racy than prior art designs.

2. Description of the Prior Art

The art of mass flow rate measurement teaches that
when a fluid flows through a rotating or oscillating
conduit Coriolis forces are produced which are perpen-
dicular to both the velocity of the fluid moving through
the conduit and the angular velocity of the rotating or
oscillating conduit. The magnitude of these Coriolis
forces is proportional to the product of the mass flow
rate and the angular velocity of the conduit. Meters
which make use of this phenomenon are termed Coriolis
mass flow rate meters.

In general, Coriolis forces that appear in these mass
flow rate meters are rather small. Consequently, sensi-
tive and precise instrumentation was often employed in
early Coriolis mass flow meters in order to accurately
measure the small Coriolis force effects, such as conduit
deflection, which resulted from moderate mass flow
rates and reasonable angular velocities. Such instrumen-
tation was usually quite expensive. In addition, the an-
gular velocity of the conduit also had to be accurately
measured and controlled in order to determine the mass
flow rate of the fluid passing through the conduit as a
function of the magnitude of the generated Coriolis
forces. )

A mechanical configuration and measurement tech-
nique which, among other things, avoids the need to
measure and control the magnitude of the angular ve-
locity of the conduit and also accurately and sensitively
measures the Coriolis force is taught in U.S. Pat. No.
Re. 31,450 (issued to Smith on Nov. 29, 1983 and herein-
after referred to as the ’450 reissue patent). This patent
discloses a mechanical configuration which incorpo-
rates a U-shaped flow tube, devoid of pressure sensitive
joints, which has its open ends attached to opposite
sides of a manifold. When so mounted, this flow tube is
capable of being oscillated about an axis perpendicular
to the side legs of the U-shaped tube. This axis is located
near the tube-manifold interface and is situated in a
plane in which the U-shaped tube lies at rest. This plane
is hereinafter referred to as the midplane of oscillation.
When fluid flows through the mounted U-shaped flow
tube, the filled flow tube oscillates. These oscillations
are sufficient to cause the free end of the flow tube to
pass through the mid-plane of oscillation, and thereby
generate a Coriolis force couple which elastically de-
flects the free end of the flow tube about an axis. This
axis is located in the plane of the flow tube midway
between and parallel to its side legs. By judicious design
of the resonant frequency of the flow tube oscillating
about this axis and another axis orthogonal thereto, a
mechanical situation is created whereby the forces
which oppose the generated Coriolis forces are pre-
dominantly linear spring forces. Consequently, through
use of such a design, these spring forces cause one of the
two side legs of the flow tube to pass through the mid-
plane of oscillation before the other side leg does so. As
such, the mass flow rate of the fluid that flows through
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the flow tube is proportional to the width of the time
interval occurring between the passage of the respec-
tive side legs of the tube through the mid-plane of oscil-
lation. This time interval and, hence, the mass flow rate
of the fluid can be accurately measured using optical
sensors as disclosed in the ’450 reissue patent, or by
using electromagnetic velocity sensors, as disclosed in
U.S. Pat. No. 4,422,338 (issued to Smith on Dec. 27,
1983).

The ’450 reissue patent also teaches the use of a spring
arm which extends from the manifold along with the
U-shaped flow tube. When this spring arm is sinusoi-
dally driven in opposition to the U-shaped flow tube,
the combination of spring arm and U-shaped flow tube
operates as a tuning fork. This operation substantially
attenuates undesirable vibrations occurring at the tube-
manifold and spring arm-manifold interfaces. This at-
tenuation is extremely advantageous for the following
reason. In practice, these undesirable vibrations, often
occur, particularly at the tube-manifold interfaces, with
sufficient intensity to effectively mask tube movement
caused by the small Coriolis forces and thereby intro-
duce significant errors into the time interval measure-
ments of the passage of the side legs of the U-shaped
tube through the mid-plane of oscillation. Because the
mass flow rate is proportional to the time interval mea-
surements, these errors inject significant inaccuracies
into the measured mass flow rate. Tuning fork operation
substantially cancels these undesirable vibrations and
thereby significantly increases measurement accuracy.
In addition, reducing vibrations that occur at the mani-
fold also decreases long term fatigue effects induced by
vibrations that might otherwise occur on the meter
mounting structure. The substitution of a second flow
tube, having a similar configuration to the first flow
tube, for the spring arm provides an inherently balanced
tuning fork structure. The inherent symmetries in such
a structure further reduce undesirable vibrations and
thereby further increase measurement accuracy. This
teaching has been recognized in the design of densime-
ters wherein measurements of the resonant frequency of
filled flow tubes are used to determine the density of
fluids in the tubes. See, for example, U.S. Pat. Nos.
2,635,462 (issued to Poole et. al. during April 1957) and
3,456,491 (issued to Brockhaus during July 1969).

The art also teaches the use of a serial double flow
tube configuration in a Coriolis mass flow rate meter.
Such a configuration is described in U.S. Pat. Nos.
4,127,028 (issued to Cox et. al. on Nov. 28, 1978);
4,192,184 (also issued to Cox et. al. on Mar. 11, 1980)
and 4,311,054 (also issued to Cox et. al. on Jan. 19,
1982). Here, incoming fluid sequentially passes through
one flow tube, then through an interconnecting conduit
and lastly through another flow tube. Unfortunately,
series type double flow tube meters possess an inherent
drawback: since all the fluid must pass through two
flow tubes instead of one, the fluid pressure drop across
the meter is double that of a non-serial type flow meter.
The one way to compensate for this doubled pressure
drop is to double the pressure at which the incoming
fluid is supplied to the meter. Unfortunately, this often
entails increasing the pumping capacity of the entire
fluidic system that supplies fluid to the meter.

An alternate configuration involving parallel flow
tubes is disclosed in U.S. Pat. No. 4,491,025 (issued to
Smith on Jan. 1, 1985 and hereinafter referred to as the
’025 patent). Here, incoming fluid is evenly divided
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between and flows into parallel, illustratively two U-
shaped, flow tubes rather than sequentially passing
through two serially connected flow tubes. At the out-
put end of each parallel flow tube, the fluid is combined
in a drain manifold and from there exits the meter. The
two flow tubes are then sinusoidally oscillated. As the
fluid moves through both flow tubes, Coriolis forces are
produced which alternately deflect adjacent legs of the
tubes and, in turn, permit time interval measurements to
be made in order to determine the mass flow rate of the
fluid.

The parallel flow tube design provides significant
advantages over the discussed prior art designs that
utilize single or serially connected flow tubes. First,
each parallel flow tube may be constructed with rela-
tively thin walls which, in turn, provides increased
sensitivity. As the wall thickness of a flow tube de-
creases, the mass and rigidity of the tube also decreases
which, in turn, increases tube deflection caused by Cori-
olis forces. Increasing the deflection for a given mass
flow rate advantageously increases the sensitivity of the
meter. Second, parallel tube flow meters are, in general,
operationally more stable than either single flow tube or
serial flow tube meters. This occurs because the fluid
flowing through both tubes results in a dynamically
balanced pair of tuning fork tines, i.e., as the mass of one
tine varies due to increased fluid density so will the mass
of the other tine. Third, parallel flow tube meters are
less sensitive to error-producing external vibrations
and, hence, provide more accurate fluid flow measure-
ments than do single tube or serial tube flow meters.
This occurs because the time interval measurement
sensors can be mounted on the flow tubes without a
physical reference to any structure that is immutably
fixed with respect to the mid-planes of oscillation for
the tubes. Fourth, parallel flow tube meters exhibit less
pressure drop across the entire meter than does a serial
flow tube meter.

Unfortunately, difficulties exist with the parallel flow
tube meter design. For one, fabrication of these meters
is time consuming and hence costly. In addition, at high
flow rates cavitation can occur in the fluid as it exits the
meter. This, in turn, can cause vibrations that could lead
to measurement inaccuracies.

Accordingly, a need exists in the art for a parallel
path, Coriolis mass flow rate meter which can be readily
fabricated and which minimizes the possibility of cavi-
tation.

SUMMARY OF THE INVENTION

The present invention overcomes the limitations of
prior art parallel path Coriolis flow meters while retain-
ing their numerous advantages.

In accordance with the present invention, the parallel
flow tubes extend from a two piece manifold having a
transition piece and a tube mounting block mounted
thereto. The transition piece has a fluid-conducting
passageway extending therethrough whose cross sec-
tion smoothly varies from a first aperture at the inlet to
a second aperture, different than the first, at a transition
piece-tube mounting block interface. In the disclosed
embodiment, the first and second apertures have round
and oval cross sections, respectively. The tube mount-
ing block has two parallel openings extending there-
through which are separated by an internal wall and
which align the flow tubes in a parallel relationship.
This internal wall has a smooth wedge shape so as to
smoothly divide the fluid entering the flow tubes and
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smoothly combine the fluid exiting from the flow tubes.
The parallel openings through the tube mounting block
each incorporate an internal shoulder which serves as
an alignment reference point for the ends of the flow
tubes. This relationship is then maintained and a fluid-
tight connection is provided by deforming the internal
shoulder using heat to weld the tube ends and mounting
block together. The tube mounting block also has an
external geometry configured for reinforcement braz-
ing of the flow tubes and welding of the transition piece
thereto.

BRIEF DESCRIPTION OF THE DRAWINGS

The teachings of the present invention may be clearly
understood by considering the following detailed de-
scription in conjunction with the accompanying draw-
ings, in which:

FIG. 1is a perspective view of a parallel path Corio-
lis mass flow meter pursuant to the present invention;

FIG. 2 is a partial perspective view of the flow tube-
manifold interface in a prior art parallel path Coriolis
mass flow meter;

FIG. 3 is a top view of transition piece 110 or 110’
used in the meter of FIG. 1;

FIG. 4is a cross sectional view of transition piece 110
or 110’ taken along section line B—B shown in FIG. 3;

FIGS. 5§ and 6 are orthogonal cross sections of the
passageway extending through each transition piece
respectively along and perpendicular to section line
A—A shown in FIG. 4;

FIGS. 7, 8 and 9 are bottom, side and top views,
respectively, of tube mounting block 120 or 120’ used in
the meter shown in FIG. 1;

FIG. 10 is a cross section of the tube mounting block
depicted in FIGS. 7, 8 and 9 and taken along section line
C—C shown in FIG. 7; and

FIGS. 11A and 11B are cross sections of the tube
mounting block shown in FIG. 10 after assembly of
parallel flow tubes 130 and 130’ depicted in FIG. 1.

To facilitate understanding, identical reference nu-
merals have been used to denote identical elements
common to the figures.

DETAILED DESCRIPTION

FIG. 1 shows a parallel path Coriolis mass flowmeter
10 which incorporates the teachings of the present in-
vention.

As shown, meter 10 includes a pair of manifolds 100
and 100’; tubular member 150; a pair of parallel flow
tubes 130 and 130'; drive mechanism 180; a pair of coils
160 and 160’; and a pair of permanent magnets 161 and
161'. To overcome the limitations of the prior art, mani-
folds 100 and 100°, respectively, include transition
pieces 110 and 110’ and tube mounting blocks 120 and
120°, respectively. Tubes 130 and 130’ are substantially
U-shaped and have their ends attached to tube mount-
ing blocks 120 and 120'. Both tubes are free of pressure
sensitive joints.

With the side legs of tubes 130 and 130’ fixedly at-
tached to tube mounting blocks 120 and 120’ and these
blocks, in turn, fixedly attached to transition pieces 110
and 110', as shown in FIG. 1, a continuous closed fluid
path is provided through meter 10. Specifically, when
meter 10 is connected, via inlet end 101 and outlet end
101', into a conduit system (not shown) in which the
mass flow rate of a fluid flowing therethrough is to be
determined, fluid in the system enters the meter through
an orifice in inlet end 101 of transition piece 110 and is



4,768,385

5

conducted through a passageway therein having a grad-
ually changing cross-section to an orifice in a second
end adjacent to tube mounting block 120. The fluid then
flows through tube mounting block 120 where it is
evenly divided and conducted through tubes 130 and
130°. Upon exiting tubes 130 and 130’ the fluid is recom-
bined in a single stream within tube mounting block 120
and is thereafter conducted through an opening to tran-
sition piece 110'. Within transition piece 110, the fluid
flows through a passageway having a gradually chang-
ing cross-section to an orifice in outlet end 101’. At end
101’ the fluid reenters the conduit system. Tubular
member 150 does not conduct any fluid. Instead, this
member serves to axially align manifolds 100 and 100’
and maintain the spacing therebetween by a pre-deter-
mined about so that these manifolds will readily receive
mounting blocks 120 and 120’ and flow tubes 130 and
130'.

U-shaped flow tubes 130 and 130’ are selected and
mounted so as to have substantially the same moments
of inertia and spring constants about bending axes
W—W and W'—W’, respectively. These bending axes
are perpendicular to the side legs of the U-shaped flow
tubes 130 and 130’, respectively, and are located near
respective tube mounting blocks 120 and 120°. The
U-shaped flow tubes extend outwardly from the mount-
ing blocks in an essentially parallel fashion and have
substantially equal moments of inertia and equal spring
constants about their respective bending axes. Both of
these flow tubes are sinusoidally driven in opposite
directions about their bending axes but at essentially the
same resonant frequency. In this manner, the flow tubes
will vibrate in the same manner as do the tines of a
tuning fork. Drive mechanism 180 supplies the sinusoi-
dal driving forces to tubes 130 and 130'. Drive mecha-
nism 180 can consist of any one of many well known
arrangements, such as a magnet and a coil through
which an alternating current is passed, for sinusoidally
driving tubes 130 and 130’ about their respective bend-
ing axes at their common resonant frequency.

With the fluid flowing through the flow tubes as
described hereinabove and tubes 130 and 130" being
sinusoidally driven in opposite directions, Coriolis
forces will be generated along adjacent side legs of
tubes 130 and 130’ but in opposite directions. This phe-
nomenon occurs because although the fluid flows
through flow tubes 130 and 130’ essentially the same
parallel direction, the angular velocity vectors for the
oscillating flow tubes are in opposite though essentially
parallel directions. Accordingly, during one-half of the
oscillation cycle of both flow tubes, the side legs at-
tached to tube mounting block 120 will be twisted
closer together by the generated Coriolis forces than
will the side legs attached to tube mounting block 120'.
During the next half-cycle, the generated Coriolis
forces will twist the same side legs of these flow tubes
further apart than the distance produced by just the
oscillatory movement of the tubes.

During oscillation of the tubes, the adjacent side legs,
which are forced closer together than their counterpart
side legs, will pass through the mid-planes of oscillation
before their counterparts. The time interval which elap-
ses from the instant one pair of adjacent side legs pass
through their mid-planes of oscillation to the instant the
counterpart pair of side legs, i.e., those forced further
apart, pass through their mid-planes of oscillation is
proportional to the total mass flow rate of the fluid
flowing through the meter. The reader is referred to the
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'025 patent for a far more detailed discussion of the
principles of operation of parailel path Coriolis flow
meters than that just presented and, specifically, for the
teaching that the mass flow rate can be determined from
measurement of such time intervals.

To measure this time interval, coils 160 and 160’ are
attached to either one of tubes 130 and 130’ near their
free ends and permanent magnets 161 and 161’ are also
attached near the free ends of the other one of the tubes.
Magnets 161 and 161’ are disposed so as to have coils
160 and 160’ located in the volume of space surrounding
the permanent magnets in which the magnet flux fields
are essentially constant. With this configuration, the
electrical signal outputs generated by coils 160 and 160’
provide a velocity profile of the complete travel of the
tube and can be processed in well-known fashion to
determine the time interval and, in turn, the mass flow
rate. The fact that the midplane of oscillation is used as
a timing reference point should not be considered as a
limitation. Any predetermined point in the velocity
signal can be used as the reference for the time interval
measurement or phase shift between the two signals.

The above-described time interval measurement has
been used by prior art parallel flow mass flow meters.
However, such meters possess inherent shortcomings
relative to assembly and measurement precision which
have been overcome by the use of transition pieces 110
and 11¢', and tube mounting blocks 120 and 120'. To
understand these limitations of the prior art parallel
flow meters, it is first necessary to briefly review their
structure.

FIG. 2 shows a partial perspective view of an assem-
bly, used in a parallel path Coriolis flow rate meter, for
mounting the flow tubes to the inlet and outlet mani-
folds of the meter in a manner known in the art. In prior
art meter 20, fluid enters the meter at a circular orifice
in inlet end 271 of manifold 270 and is then conducted to
two circular outlet orifices 280 formed in respective
extensions of mounting surface 281. The fluid then
flows through tubes 130 and 130, enters manifold 270’

-at circular orifices 280’ formed in extensions of mount-

ing surface 281’ and thereafter exits the meter, via a
circular orifice in outlet end 271’ of manifold 270'. The
use of substantially identical flow tubes 130 and 130,
coupled with the design of manifolds 270 and 270,
evenly divides the fluid between tubes 130 and 130', and
then recombines the flow prior to the fluid exiting the
meter. The mass flow rate of the fluid flowing through
flow tubes 130 and 130’ is measured in the same manner,
as described hereinabove, for the present invention.

In assembling meter 20, the two manifolds are welded
to a spacer tube 290 which fixes the distance between
each manifold. In addition, in order to fix the spacing
between tubes 130 and 130, as well as provide a rigid
structural connection between these tubes and mani-
folds 270 and 270, the flow tubes are brazed to a pair of
spacer bars 250 and 250'. Each spacing bar is brazed to
the tubes at a predetermined distance inward from the
ends of the tubes. This distance is approximately equal
to three diameters of the flow tube. Because it is ex-
tremely difficult to weld the small mass of each flow
tube to the large mass of each manifold, the ends of each
flow tube are first tack welded to slip collar 260 which
increases the mass of material at the end of each flow
tube. Four such slip collars are required. Next, the as-
sembly of tubes, spacer bars and slip collars are welded
to manifolds 270 and 270’ in order to provide a fluid-
tight connection between circular orifices 280 and 280’












