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57) ABSTRACT

A mass flowmeter of the Coriolis type with a tube through
which a medium flows during operation and with excitation
elements for causing the entire tube or part thereof to
perform a rotational vibration about a primary axis of
rotation during operation. The excitation elements are elec-
tromagnetic and do not make contact with the tube during
operation and have no components that are fastened to the
tube. More The tube is made of an electrically conducting
material, and the excitation elements include first members
for causing an electric current to flow through the tube
during operation and second elements for generating a
magnetic field at the area of a portion of the tube. The
magnetic field is perpendicular to the direction of the current
and in operation either the current or the magnetic field
changes its sign periodically.
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MASS FLOWMETER OF THE CORIOLIS TYPE

[0001] The invention relates to a mass flowmeter of the
Coriolis type with a sensing tube through which a medium
flows during operation and with excitation means for caus-
ing the entire tube or part thereof to oscillate about an
excitation axis of rotation during operation.

[0002] Such a mass flowmeter is known from U.S. Pat.
No. 4,658,657.
[0003] The known mass flowmeter comprises a loop-

shaped tube (half a turn) that forms a transverse branch at
one side and two lateral branches clamped in at the opposite
side in a mounting beam. The latter is mounted in a support
such that it can rotate about a central axis lying in the plane
of the loop. An electromagnetic excitation system coopet-
ating with the mounting beam provides an oscillatory rota-
tion (rotational vibration) of the mounting beam with the
loop about the central axis. (The term ‘excitation’ is here
understood to mean ‘causing to oscillate”).

[0004] When a medium (gas or liquid) flows through the
loop that rotates about the central axis, Coriolis forces are
generated in the transverse branch, resulting in an oscillation
of the loop about a secondary axis. This oscillation, which
is proportional to the flow, is superimposed on the funda-
mental oscillation and leads to a phase shift between the
oscillations performed by the ends of the transverse branch.
The phase difference is proportional to the Coriolis force and
accordingly to the flow.

[0005] Ttis a disadvantage of the known system, however,
that the mounting beam used for the excitation of the loop
constitutes an additional mass. This prevents a change in the
excitation frequency as a function of the density of the
medium flowing through the tube, with the result that a
measurement of the density (an additional property of a
Coriolis flowmeter) becomes less accurate.

[0006] The invention has for its object inter alia to provide
a flowmeter with an excitation system that is capable of
measuring the density more accurately.

[0007] The mass flowmeter of the kind mentioned in the
opening paragraph is for this purpose characterized in that
the excitation means are (electro)magnetic and in operation
do not make contact with the tube and have no components
that are fastened to the tube. In other words: the excitation
means are free from the movable portion of the tube both in
the idle and in the operational state. It is noted that the tube
may be, for example, a straight tube, a looped tube forming
half a turn, a looped tube forming a full turn, or a looped tube
forming a double turn.

[0008] The mass flowmeter according to the invention has
an enhanced sensitivity because the (movable portion of the)
tube is free from additional excitation components (=no
added mass). A possibility of causing the tube to rotate is
found in the use of a tube of magnetizable metal material,
such as soft iron, in combination with one or two electro-
magnetic coils that can be energized in a pulsating mode (i.e.
utilizing the natural magnetism of the tube material: oper-
ating in the way of a relay).

[0009] An embodiment of the flowmeter according to the
invention is for this purpose characterized in that the tube is
manufactured from a magnetizable material, and in that in
operation the excitation means generate a magnetic field
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configuration at the area of at least a portion of the tube that
causes the tube to enter a swing excitation mode or a twist
excitation mode.

[0010] A preferred embodiment, however, is characterized
in that the tube is manufactured from an electrically well
conducting material, and the excitation means comprise first
means for causing an electric current to flow through the
tube wall during operation and second means for generating
a magnetic field transverse to the direction of the current at
the area of a portion of the tube, either the current or the
magnetic field changing its sign periodically during opera-
tion, such that the (Lorentz) force generated by the product
of the current and the magnetic field acts on the tube portion
in a periodically changing direction. In this manner an
oscillatory rotation (vibration) of the entire tube or part
thereof about the excitation axis (primary axis) can be
generated. The advantage of the use of Lorentz forces is that
they can be generated in a simple manner by means of an
electric current through the tube and a magnet, while gen-
erating sufliciently great forces at limited constructional
dimensions for bringing the tube into oscillation.

[0011] The flowmeter according to the invention may be
fitted with first (excitation) means that generate a direct
current in the tube wall and with second (excitation) means
that generate a magnetic field with a periodically changing
sign.

[0012] However, an embodiment that can be very readily
implemented is characterized in that the second means
generate a permanent magnetic field and the first means
generate an alternating current in the tube wall.

[0013] An embodiment for exciting the tube in the swing
excitation mode is characterized in that the second excitation
means comprise two magnet poles situated opposite one
another, between which poles an air gap is present, through
which air gap a portion of the tube is passed, an alternating
current flowing through this tube portion in operation such
that the tube portion in operation is subjected to an excitation
by force, resulting in an oscillatory rotation of the tube or
tube portion about the excitation (or primary) axis of rota-
tion.

[0014] The above is applicable to a loop-shaped as well as
to a straight tube.

[0015] An embodiment for exciting the tube in a twist
mode is characterized in that the excitation means provide
two oppositely directed permanent magnetic fields located at
some distance from one another, each formed between two
magnet poles located opposite one another between which
an air gap is present, through which air gaps a portion of the
tube is passed, an alternating current flowing through said
tube portion in operation such that a torque excitation of the
tube portion arises in operation, resulting in a rotational
vibration of the tube or tube portion about an excitation axis
of rotation.

[0016] Again, the above is applicable to a loop-shaped as
well as to a straight tube.

[0017] The torque excitation described above may be
achieved by means of two separate magnet yokes each
provided with an air gap. A difficulty is, however, to ensure
that the magnetic fields in the gaps are equally strong. A
preferred embodiment of the invention in this respect is
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characterized in that the second excitation means comprise
a circumferential permanently magnetic magnet yoke that is
arranged parallel to a plane through the tube with two pairs
of magnet poles arranged two by two in mutual opposition,
between which pairs a first and a second gap are present, in
which gaps oppositely directed magnetic fields are generated
and through which gaps a portion of the tube extends, an
alternating current flowing through said tube portion in
operation such that a torque excitation of the tube or tube
portion arises in operation, resulting in and oscillatory
rotation of the tube about the excitation axis of rotation.

[0018] Again, the above is applicable to a loop-shaped as
well as to a straight tube.

[0019] An alternative embodiment may be used for the
generation of a constant or alternating magnetic field in the
gap or gaps, which is characterized in that the magnetic field
is generated by means of an electric coil wound around a
magnetic yoke with at least one gap, which coil is connected
to an electric circuit designed to pass a direct current or an
alternating current through said coil in operation, whereupon
the first means cause an alternating current or a direct
current, respectively, to flow through the tube wall. This at
the same time offers the possibility to adjust the strength of
the magnetic field.

[0020] The first means for generating a current in the tube
wall may be means that inject a current directly into the tube
wall, for example through connection terminals. Direct
current injection, however, is a method that is less desirable
for certain applications. Indirect current injection is pre-
ferred.

[0021] In this connection, an embodiment is characterized
in that at least one transformer core is provided around the
tube, the tube constituting a (closed) secondary winding
while a coil provided on the transformer core constitutes a
primary winding, so that a current is induced in the tube wall
when the primary winding is energized.

[0022] U.S. Pat. No. 4,658,657 mentions that two mea-
suring devices are used adjacent the ends of the transverse
arm of the loop for measuring the phase shift between the
oscillations performed by the ends of the transverse arm. It
is found that it is not possible to measure with a high
accuracy with such an arrangement.

[0023] An embodiment of the invention provides a system
with which a more sensitive measurement becomes possible.

[0024] The mass flowmeter of the kind mentioned in the
opening paragraph is for this purpose characterized in that it
is provided with at least two optical sensors for measuring
deformation of the tube occurring under the influence of a
medium flowing through the tube, which sensors are situated
on either side of the point of intersection (pole) of the
primary axis of rotation and a tube portion of which the
deformation is to be measured, the distance from each sensor
to said point of intersection being between 5% and 25% of
half the length of said tube portion.

[0025] Preferably, the optical sensors are opto-electronic
sensors which each comprise a light source located at one
side of the tube portion and a photosensitive cell located at
the opposite side of the tube portion in the light path of the
light source, such that the portion of the light not intercepted
by the tube is measured.
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[0026] An alternative embodiment is characterized in that
the optical sensors are opto-electronic sensors which each
comprise a light source located at one side of the tube
portion and a photosensitive cell located at the same side of
the tube portion in the path of the light reflected by the tube
portion, such that either the intensity of the reflected light
incident on the photosensitive cell, or the location of the
reflected light on the photosensitive cell, is measured.

[0027] Advantageous, furthermore, is a positioning of the
light source relative to the tube portion such that 40 to 60%
of the active surface area of the photosensitive cell is
illuminated by the light source in the idle mode.

[0028] The flowmeter according to the invention has an
enhanced sensitivity thanks to the placement of the sensors
close to the axis, because now the measured amplitude of the
fundamental oscillation does not become too great in rela-
tion to that of the Coriolis force, as is indeed the case in the
arrangement of U.S. Pat. No. 4,658,657.

[0029] The sensitivity of the mass flowmeter according to
the invention is even further increased if a looped tube is
used which is flexibly suspended by means of its inlet and
outlet tubes. An embodiment is for this purpose character-
ized in that the loop follows a substantially circumferential,
mechanically closed path, in that the loop is connected to a
flexible inlet tube and to a flexible outlet tube for the flowing
medium, and in that the loop is flexibly suspended by means
of said flexible inlet and outlet tubes such that the resulting
suspension allows a movement about two mutually perpen-
dicular axes in the plane of the loop, one for the excitation
movement and one for the Coriolis movement that arises
when a medium is flowing through the tube.

[0030] A few embodiments of the invention will be
explained in more detail with reference to the drawing.

[0031] FIG. 1 is a perspective view of a Coriolis flow-
meter according to the invention with a U-shaped tube;

[0032] FIG. 2 shows the U-shaped tube of the flowmeter
of FIG. 1 into which an electric current is directly injected;

[0033] FIG. 3 shows the induction of a current in a tube
portion by means of a transformer core with a coil;

[0034] FIG. 4A shows a permanently magnetic magnet
yoke with one gap through which a tube portion of a
U-shaped tube extends;

[0035] FIG. 4B shows a detail from FIG. 4A;

[0036] FIG. 5 shows how a torque excitation is applied to
a tube portion by means of two independently located
permanently magnetic magnet yokes;

[0037] FIG. 6A is a perspective view and FIG. 6B a front
elevation of a permanently magnetic magnet yoke with two
gaps through which a tube portion extends, showing how a
torque excitation is applied to the tube portion;

[0038] FIG. 7 shows a magnet yoke with a coil wound
thereon and two gaps through which a tube portion of a
U-shaped tube extends;

[0039] FIGS. 8 and 9 show alternative embodiments of a
magnet yoke with gaps through which a tube portion of a
U-shaped tube extends;
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[0040] FIGS. 10A and B diagrammatically show an opti-
cal sensor operating with transmitted light as used in the
flowmeter of FIG. 1;

[0041] FIG. 11 diagrammatically shows an alternative
arrangement with an optical sensor operating with reflected
light;

[0042] FIG. 12 shows an arrangement of two optical
sensors and a tube portion;

[0043] FIG. 13A shows a phase difference between the
signals of the sensors of FIG. 12 measured when there is no
flow through the sensing tube, and FIG. 13B shows the
situation in which there is a mass flow through the sensing
tube;

[0044] FIG. 14 is a block diagram representing the exci-
tation, measurement, and processing of the measured values
when a flowmeter according to the invention is used;

[0045] FIG. 15 shows a looped tube that is flexibly
suspended by its inlet and outlet tubes;

[0046] FIG. 16 diagrammatically shows a Coriolis flow
sensor arrangement having a looped tube equipped with a
torque excitation yoke and with Coriolis effect sensing
means; and

[0047] FIG. 17 shows in greater detail the torque excita-
tion yoke used in the arrangement of FIG. 16.

DESCRIPTION OF THE FIGURES

[0048] FIG. 1 shows an embodiment of a Coriolis flow-
meter 1 according to the invention. It is provided with a
frame having a base plate 2 which supports a tube 3 through
which a medium flows during operation. The tube 3 is a
looped tube in this case constituting a half-turn, but it may
alternatively be, for example, a straight tube or a looped tube
with a full turn (closed loop). Looped tubes are preferred
because they are more flexible than straight tubes. The tube
3 is fastened to the base plate 2 by fastening means 4, 5. The
means 4, 5 form clamping locations relative to which the
tube 3 is capable of moving. The tube 3, which may be
made, for example, of stainless steel with a wall thickness of
approximately 0.1 mm and a diameter of approximately 0.7
mm, forms a very lightweight construction within the scope
of the invention which can be brought into resonance with
a small amount of energy. The external diameter of the tube
will generally be smaller than 1 mm and its wall thickness
0.2 mm or less, depending on the external dimensions of the
loop 3 and the pressure the tube should be able to withstand
(for example 100 bar).

[0049] To realize a very light construction, no further
components that give the tube 3 an additional mass have
been mounted to the tube 3. This is possible because Lorentz
forces are used for exciting the tube, i.e. causing it to vibrate,
in the construction of FIG. 1 (Lorentz force: electrons
moving in a magnetic field undergo a force having a
direction perpendicular to both the direction of the magnetic
field and the direction of the current). These forces are
generated in the flowmeter 1 of FIG. 1 because an electric
current is passed through the wall of the (electrically con-
ducting) tube 3 while at the same time a permanently
magnetic magnet yoke 6, 7, 8, 12 (12 representing a per-
manent magnet with one pole directed towards yoke portion
6 and an opposite pole towards yoke portion 7) provided
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with a central opening generates two oppositely directed
magnetic fields in the plane of the tube 3 transversely to the
direction of the current. An electric current I can be directly
injected into a (U-shaped) tube 13 of electrically conducting
material in that, as shown in FIG. 2, a current source 14, an
AC source in this case, is connected to ends 15, 16 of the
tube 13 via connection terminals 17, 18.

[0050] Preferably, however, an electric current is gener-
ated in the tube by means of induction. FIG. 3 shows how
this is achieved for the same U-shaped tube 13 as in FIG. 2.
A tube portion 21 of the U-shaped tube 13 here extends
through a transformer core 22. A primary coil 23 is wound
on this core 22, which coil can be energized by a current
source 24 connected thereto. The tube portion 21 thus acts
as a secondary coil in which a current I is induced when a
current flows through the primary coil 23. The tube portion
21 for this purpose forms part of an electrically closed loop
(indicated with a broken line). This loop may be closed via
the tube or via the housing. The transformer coil 22 with the
primary coil 23 is provided around an ‘external’ portion 21
of the tube 13 outside the fastening points 19, 20 and
stationary during operation in this case. The tube portion 21
may serve, for example, as an inlet or outlet conduit.
Alternatively, however, the transformer core 22 may be
arranged around an ‘internal’ portion of the tube that moves
during operation, lying within the fastening points 19, 20,
provided there is enough space. If there is little space, the
one, comparatively bulky transformer core with primary coil
may be replaced by two smaller transformer cores each with
a primary coil, for example one around each of the legs of
the U-shaped tube 13.

[0051] FIG. 4A shows by way of example how the
magnetic field required for generating the Lorentz forces can
be obtained. A tube portion 25 of the U-shaped tube 26 is for
this purpose passed through an air gap 27 of a permanently
magnetic magnet yoke 28. The tube 26 is clamped in in
locations 33a and 33b. The yoke 28 comprises a core 29 of
a soft magnetic material (for example soft iron) with the
North pole N and South pole S of a permanent magnet 30
arranged in the path formed by said material such that the
lines of force of the magnetic field generated in the air gap
27 extend parallel to the plane of the U-shaped tube 26 and
are perpendicular to the current I, which is either directly
injected into the tube 26 or induced in the tube 26. All this
1s shown in detail in FIG. 4B. This shows how the poles 31
and 32 of the magnet yoke 28 of FIG. 4A enclose the air gap
27, as well as the magnetic lines of force B of the magnetic
field generated in the air gap 27. The result is that a (Lorentz)
force F is generated under the influence of the current I that
passes through the magnetic field, causing the tube portion
25 to move, for example, in forward direction (shown in
broken lines in FIG. 4A). When the current I flows in the
opposite direction through the tube, a (Lorentz) force will be
generated in the opposite direction, i.e. moving the tube
portion 25 to the rear. The excitation by force described here
causes the tube 10 move about an excitation axis of rotation
that passes through the clamping locations 33a, 335.

[0052] FIG. 5 shows the use of two magnet yokes 34a and
344 with permanent magnets 39«, 395 incorporated therein,
conforming to the type 28 described with reference to FIG.
4, which magnets are located at some distance from one
another and each have an air gap 35a, 355, in which gaps
oppositely directed magnetic fields are generated. A
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U-shaped sensing tube 37 is clamped in in locations 38a,
38b. A tube portion 36 of the U-shaped tube 37 extends
through the two gaps 35a, 356. When a current [ flows
through the tube 37, the generated Lorentz forces will cause
the left-hand section of the tube portion 36 present in the gap
35a to move, for example, in forward direction and the
right-hand section of the tube portion 36 present in the gap
354 to move to the rear. When the direction of the current 1
is reversed, the right-hand section of the tube portion will
move forward and the left-hand section to the rear (shown in
broken lines). The torque excitation described here causes
the tube 37 to rotate about an axis of rotation S' that
coincides with the main axis of symmetry of the U-shaped
tube 37. A problem with this arrangement is, however, that
it 1s difficult to provide the magnet yokes with magnets of
exactly the same strength.

[0053] FIG. 6A is an elevation of an integrated permanent
magnet yoke 40 with which this problem is solved. The
integrated yoke 40 has a first pair of mutually opposed
magnet poles 4la, 415 and a second pair of mutually
opposed magnet yokes 42a, 42b. A respective air gap 43, 44
is formed between the poles of each of the pairs. The tube
portion 46 the U-shaped tube 47 extends through these gaps.
A permanent magnet 45 is positioned in the path of the,
circumferential, yoke 40 with its North and South poles
oriented such that oppositely directed magnetic fields B and
B' are generated in the air gaps 43, 44. Given a direction of
the current I as indicated in the diagrammatic FIG. 6B,
which is a front elevation of the assembly of FIG. 6A,
Lorentz forces F (directed to the rear) and F' (directed to the
front) will now act on the tube portion 46, which forces will
be reversed when the current direction in the tube wall is
reversed. This torque excitation causes the tube 47 to
perform a reciprocating rotational movement (vibration)
about an axis 48 which coincides with the main axis of
symmetry of the U-shaped sensing tube 47. The permanently
magnetic yoke 40 with the two air gaps for torque excitation
is designed such that the values of the forces F and F' are
equal in principle and oppositely directed. A non-ideal
torque excitation arises when the forces have different
values. In the ideal case in which they are exactly the same,
a pure torque or moment of force arises equal to the product
of the force F and the spacing between F and F'. The
direction of the torque vector (usually denoted T) then is
along the centerline 48 of the yoke 40 in FIG. 6B.

[0054] FIG. 7 shows an alternative embodiment of an
integrated magnet yoke. The magnet yoke 49 with a magnet
core 51 provided with two air gaps 50a, 505 is not energized
by means of a permanent magnet in this case, but by means
of a coil 52 wound on the magnet core 51 of the yoke 49 and
connected to a direct or alternating current source 53. A tube
portion of a U-shaped tube extends through the air gaps 50a,
505.

[0055] FIG. 8 shows a magnet yoke 54 where the exci-
tation of the U-shaped tube 55 takes place in the bends of the
U-shaped tube 55 extending through the air gaps 56a, 565.
The yoke 54 is energized by a permanent magnet 57, which
is shown in the center of the upper leg 58 of the yoke 54 in
the construction of FIG. 8, but which may be accommo-
dated in an alternative location in the yoke. This is also true
for the yokes shown in the other Figures.

[0056] FIG. 9 shows a magnet yoke 59 where the exci-
tation of the U-shaped tube 60 takes place on the lateral arms
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62, 63, i.e. even below the bends 64, 65, of the U-shaped
tube 60 extending through the air gaps 61a, 615.

[0057] Tt will be obvious that all aspects of the invention
explained with reference to U-shaped tubes are equally valid
for other shapes of tubes that can be used in Coriolis
flowmeters, i.e. not just tubes having a half-open turn, but
also straight tubes and tubes forming a closed, full turn.

[0058] Particularly suitable for use with the excitation
principle set out above is a loop-shaped tube that forms a
mechanically closed rectangular turn, wherein the start and
end points of the turn are connected to a central inlet tube
and a central outlet tube, respectively, the loop-shaped tube
being resiliently suspended by means of said inlet and outlet
tubes (FIG. 15).

[0059] The basic idea of the invention is to achieve
excitation without additional components having to be pro-
vided on the tube for this purpose. This is possible because
properties of the tube itself are utilized. The excitation may
be achieved not only by means of Lorentz forces, but also by
utilizing the magnetic properties of the tube itself. In that
case a tube of magnetizable material is used in combination
with one or two coils that are driven in a pulsating mode,
generating a magnetic field so as to magnetize the material
of the tube locally.

[0060] The inventive principle may also be used in a
Coriolis flowmeter having a double tube, both of a type in
which the directions of flow of the medium are mutually
opposed and of a type in which the directions of flow of the
medium are the same.

[0061] The full benefit of the inventive idea, however, can
only be obtained if the detection of the deviations of the tube
under the influence of a flowing medium (the detection of
the Coriolis effect) takes place such that no additional
components need be mounted to the tube.

[0062] For this purpose, according to the invention, one or
several optical sensors are used, referenced 1la, 115, and
11c in FIG. 1. The optical sensors in the construction of
FIG. 1 are arranged in the central opening of the magnet
yoke 6, 7, 8, 12 such that they can interact with the tube. A
temperature sensor is referenced 14.

[0063] FIG. 10A shows one of the optical sensors, in this
case opto-electronic sensor 11a, in more detail. It comprises
a U-shaped housing 68 with a light source 66 (for example
a LED) at the inner side of one leg of the U, and a
light-measuring cell 67 (for example a phototransistor) at the
inner side of the other leg of the U. The opto-electronic
sensor 11a is arranged such that a tube portion 69 can move
between the legs of the U-shaped housing 68. During
operation, the tube will cover the light path between the light
source 66 and the photocell 67 to a greater or lesser degree.

[0064] FIG. 10B shows in greater detail how the tube
portion 69, owing to its movement, blocks out a larger or
smaller portion of the light beam 71 transmitted from the
light source 66 to the photocell 67. The photocell 67
produces a signal u (V) that can be measured by a meter. The
light beam may be a parallel beam or a divergent beam.

[0065] FIG. 11 shows an alternative to the sensor arrange-
ment of FIG. 10. Here the tube portion 69 and the light
source 70 are so arranged that the transmitted light beam 71
1s incident on a photocell 72 after being reflected by the tube
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portion 69. When the tube portion performs a reciprocating
movement during operation, the reflected spot will move
over the surface of the photocell 72. The tube portion 69 may
be provided with a reflecting surface at the side of the
photocell 72, if so desired.

[0066] FIG. 12 diagrammatically shows the detection by
means of two opto-electronic sensors 11a, 115. According to
one aspect of the invention, these are located on either side
of, and preferably symmetrically with respect to, the loca-
tion where the axis of rotation, about which the excitation
means cause the tube to rotate, intersects the tube portion 69.
This point of intersection is denoted the rotation pole P. The
sensors 11a, 115 are preferably at a short distance from this
pole. Said distance should be sufficiently small for ensuring
that the measured contribution of the excitation is of the
same order of magnitude as the measured contribution of the
Coriolis forces. The sensors measure the (sinusoidal) dis-
placements (in mm) of points of the tube as a function of
time (in seconds) by means of a voltage.

[0067] FIG. 13A shows the output signals of the sensors
11a, 115 for the case in which no medium flows through the
tube (zero flow), the curve indicated with arrow 1 repre-
senting the measuring signal of sensor 11¢ and the curve
indicated with arrow 2 representing the measuring signal of
sensor 115. The phase difference is 180°.

[0068] FIG. 13B shows the situation in which in which a
medium does flow through the tube. The phase difference
now is smaller than 180°. If the rotation pole does not lie
exactly in the center between the first and the second sensor,
however, the result of the measurement will not be accurate.

[0069] A more accurate measurement is possible if a third
sensor is placed adjacent one of the sensors of FIG. 12 and
in line with these sensors. A phase difference between the
sensors 11a and 115 owing to a possible shift of the rotation
pole can be corrected by means of the measuring signal from
the third sensor. Without flow this difference is 180° in the
case of a symmetrical sensor arrangement, while in the
extreme case in which a sensor lies on the pole it is no more
than 90°. The three sensors supply three measured values
while there are also three unknown factors, i.e. the two—
different—phase angles of the first and the second sensor
and the position of the rotation pole between the first and the
second sensor. The value measured by the third sensor can
be used in a processing device for determining the location
of the rotation pole, whereupon the—equal—phase angles
of the first and the second sensor can be determined for a
fictitious pole position that does lie centrally between the
first and the second sensor. The measuring and detection
system described here does not require any amplifier, so that
no undesirable phase shifts are caused, and is suitable for use
with all Coriolis flowmeters.

[0070] FIG. 14 is a block diagram showing the operation
of an embodiment of a Coriolis flowmeter according to the
invention. An electric current I is induced in a Coriolis tube
system 75 by means of two coils 73, 74 wound on two cores.
The coils 73, 74 are energized by an amplifier A that is
controlled from a digital signal processor 77 via an AD/DA
converter 76. A magnetic field H transverse to the direction
of the current I is applied across the tube system 75. The tube
system 75, or a portion thereof, starts to vibrate under the
influence of H and I. Superimposed on this vibration is a
vibration caused by Coriolis forces when a medium ¢ flows
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through the tube system. The movements of the tube system
are measured by sensors S1 and S2, or sensors S1, S2, and
S3. The analog signals from the sensors S1, S2, (S3) are
supplied to an AD/DA converter 76. The output signals of
the AD/DA converter are supplied to a (digital) signal
processor 77. The digital signal processor 77 generates an
output signal 0 that represents the mass flow.

[0071] FIG. 15 is a perspective view of a mechanically
closed, loop-shaped tube 78 (rectangular in this case), but in
an alternative embodiment the closed, loop-shaped tube may
have, for example, a delta shape. A first end 79 of the loop
78 is connected to a flexible inlet tube 80 which supplies a
medium flow ¢, and a second end 81 of the loop 78 is
connected to a flexible outlet tube 80 which discharges the
medium flow ¢. The looped tube 78 and the tubes 80, 81 are
preferably bent from one piece of tubing. The loop 78
comprises a first transverse tube portion 84 which is con-
nected to first ends of two lateral tube portions 85, 86. The
latter are connected by their second ends to two second
transverse tube portions 87, 88 that each have approximately
half the length of the first transverse tube 84. The inlet and
outlet tubes 80, 82 in this construction extend symmetrically
through the center of the loop 78, lie close together or
against one another, and are mechanically interconnected in
locations referenced b, for example by means of soldering or
welding. They are fastened, next to or against one another,
in a recess 83a of a fastening means 83 which in its turn is
fastened to a frame (not shown). The loop 78 is resiliently
suspended from the frame of the flowmeter (not shown) by
means of the inlet and outlet tubes 80, 82 (and the fastening
means 83). The looped tube 78 may cooperate with a
permanently magnetic magnet yoke for the purpose of
excitation, such as the magnet yoke described with reference
to FIG. 1 and comprising yoke portions 6 and 7 located
opposite a lower yoke portion 8 with two air gaps 9 and 10
enclosed between them, a magnet 12 being placed in the
path of the magnet yoke. For example, the tube portions 87,
88 may extend through the air gaps of the magnet yoke
(magnet yoke around the upper transverse tubes). When an
alternating current flows through the looped tube 78, the
loop will perform an oscillatory rotation about an axis (the
excitation axis) extending in the plane of the looped tube
under the influence of the Lorentz forces generated in the air
gaps of the yoke by the current and the oppositely directed
magnetic fields (so-termed torque excitation). When a
medium flows through the tube 78, Coriolis forces are
generated which cause a Coriolis effect. The Coriolis forces
cause the tube 78 to oscillate about a Coriolis response axis
that is perpendicular to the excitation axis. Coriolis effect
sensors may be arranged in the central opening of the
magnet yoke (and accordingly cooperate with the upper
transverse tubes during operation).

[0072] Analternative is to arrange the sensors adjacent the
lower transverse tube portion 84 such that they can coop-
erate with the lower transverse tube during operation.
Depending on the location of the torque excitation yoke
relative to the rectangular looped tube of FIG. 15, the tube
can be made to enter either a swing mode or a twist mode.
That is: either it is twisted about the central axis of symmetry
between the inlet and outlet tubes, or it is made to swing
about an asymmetrical excitation axis transverse to the
central axis of symmetry, in which case the torque excitation
yoke cooperates with a lateral tube portion.
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[0073] FIG. 16 diagrammatically shows a flowmeter of
the Coriolis type with a looped sensing tube 90 of the kind
shown in FIG. 15. The looped tube 90 has two ends which
are connected to an inlet tube 91 for a fluid medium ¢ and
an outlet tube 92, respectively. The inlet and outlet tubes 91,
92 are interconnected, as were the inlet and outlet tubes 80
and 82 of FIG. 15, for example through soldering in
locations b or spot welding, and they are fixed in fastening
means 94 in a location remote from their connections to the
looped tube 90. The fastening means 94 shown here com-
prise a block having a central recess in which the inlet and
outlet tubes are accommodated. The block has two openings
for fastening to a frame by means of bolts. The tube 90 is
excited in the swing mode in this case. For this purpose, a
magnet yoke 95 with two air gaps 100 and 101 is placed at
one of the lateral sides of the looped tube 90 such that the
leg 93a of the loop runs through the air gaps 100, 101. The
yoke has an upper part with two yoke portions 96, 97
between which a permanent magnet 98 is arranged with a
South pole S directed towards the yoke portion 96 and a
North pole N directed towards the yoke portion 97. Oppo-
sitely directed magnetic fields B and B', which are of equal
strength in the ideal case, are generated in the air gaps 100,
101 between the upper portion 96, 97, 98 and the lower
portion 99 by this construction. When an alternating electric
current/flows through the tube 90, these fields B' and B exert
a torque excitation on the tube portion 93a. The tube 90 will
perform a swinging movement about an axis of rotation (X)
owing to the torque excitation when traversed by an alter-
nating current [. The excitation axis of rotation X in this
embodiment, therefore, is perpendicular to the inlet and
outlet tubes. The yoke 95 is a torque generator.

[0074] An alternating current/is induced in the tube 90 in
the same manner as in the embodiment of FIG. 3. For this
purpose, the lateral portions 93a, 936 of the tube 90 are
passed through bores in the respective transformer cores 102
and 104 on which respective coils 103 and 105 have been
wound at the sides that face one another. The invention,
however, is not limited to this. For example, the transformer
or coil cores may be provided in alternative locations of the
tube 90.

[0075] When a fluid ¢ flows through the tube 90 oscillat-
ing about the excitation axis of rotation X, a Coriolis force
arises which causes a Coriolis effect. The Coriolis effect is
measured with a Coriolis sensor. The Coriolis sensor used in
the present embodiment is a system of contactless optical
sensors 106a, 1065, 106¢ identical to the system of contact-
less optical sensors 11a, 115, 11¢ of the construction in FIG.
1, but the invention is not limited thereto.

[0076] Two of the optical sensors, 106a and 106b, are
arranged symmetrically with respect to the excitation axis of
rotation (the axis of rotation X in this case) in the construc-
tion of FIG. 16. The optical sensors 106a, 1065 (and 106¢)
here cooperate with the lateral portion 935 of the loop 90,
which portion is located opposite the portion 93a that
cooperates with the magnet yoke providing the torque
excitation.

[0077] FIGS. 15 and 16 show a looped rectangular tube
with a more or less square circumference. This was found to
be a favorable shape as regards the sensitivity, given the
correct surface area. If this should be favorable for the
placement of the excitation means, the current induction
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means, and/or the Coriolis effect sensing means, however, it
is possible to make the loop, for example, narrower and
proportionally higher.

[0078] The operation of the integrated magnet yoke 95
will now be explained with reference to FIG. 17. The
placement of the permanent magnet 98 between the upper
yoke portions 96 and 97 generates oppositely directed
magnetic fields B and B' of equal strength in the air gaps
100, 101. If B in the air gap 100 is directed towards the yoke
portion 99 and the current direction is as shown in FI1G. 17,
then a (Lorentz) force F directed to the front will act on the
tube 90. At the same time, the magnetic field B' in the air gap
101 is directed towards the yoke portion 96. This results, in
combination with the current I, in a (Lorentz) force F' on the
tube 90 directed towards the rear. Accordingly there is a
torque excitation. The forces acting on the tube are reversed
when the current I through the tube changes direction. The
supply of an alternating current to the tube 90 thus leads to
a swinging movement of the looped tube 90 about the axis
of rotation X.

[0079] In brief, the invention relates to a mass flowmeter
of the Coriolis type with a tube through which a medium
flows in operation, and with excitation means for causing the
entire tube or a portion thereof to perform a rotational
oscillation about an excitation axis of rotation in operation,
wherein the excitation means are electromagnetic, do not
make contact with the tube during operation, and have no
components that are fastened to the tube.

[0080] The Coriolis effect sensors are preferably optical
sensors, also do not make contact with the tube, and do not
comprise components that are fastened to the tube.

1. A mass flowmeter of the Coriolis type with a sensing
tube through which a medium flows during operation and
with excitation elements for causing the entire tube or part
thereof to oscillate about an excitation axis of rotation
during operation,

characterized in that the excitation elements are (electro-
Jmagnetic and in operation do not make contact with
the tube and have no components that are fastened to
the tube.

2. A flowmeter as claimed in claim 1,

characterized in that the tube is manufactured from a soft
magnetizable material, and in that in operation the
excitation elements generate a magnetic field configu-
ration at the area of at least a portion of the tube that
causes the tube to enter a swing excitation mode or a
twist excitation mode.

3. A flowmeter as claimed in claim 1,

characterized in that the tube is manufactured from an
electrically conducting material, and in that the exci-
tation elements comprise first elements for causing an
electric current to flow through the tube wall during
operation and second elements for generating a mag-
netic field at the area of a portion of the tube, which
magnetic field is transverse to the direction of the
current, with either the current or the magnetic field
changing its sign periodically during operation, such
that the (Lorentz) force generated by the product of the
current and the magnetic field acts on the tube portion
in a periodically changing direction.
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4. A mass flowmeter as claimed in claim 3,

characterized in that the second elements generate a
permanent magnetic field and the first elements gener-
ate an alternating current in the tube wall.

5. A flowmeter as claimed in claim 3,

characterized in that at least one transformer core is
provided around the tube, the tube thus forming a
secondary winding and a coil provided on the core
forming a primary winding, such that a current is
induced in the tube wall when the primary winding is
energized.

6. A flowmeter as claimed in claim 3,

characterized in that the second excitation elements pro-
vide a permanent magnetic field formed between two
magnet poles situated opposite one another, between
which poles an air gap is present, through which air gap
a portion of the tube is passed, an alternating current
flowing through said tube portion in operation such that
an excitation by force of the tube portion arises in
operation, resulting in a rotational vibration of the tube
or tube portion about the excitation axis of rotation.

7. A flowmeter as claimed in claim 3,

characterized in that the second excitation elements pro-
vide two oppositely directed permanent magnetic fields
located at some distance from one another, each formed
by two magnet poles located opposite one another
between which an air gap is present, through which air
gaps a portion of the tube is passed, an alternating
current flowing through said tube portion in operation
such that a torque excitation of the tube arises in
operation, resulting in an oscillatory rotation of the tube
or tube portion about the excitation axis of rotation.

8. A flowmeter as claimed in claim 3,

characterized in that the second excitation elements com-
prise a circumferential permanently magnetic magnet
yoke that is arranged parallel to a plane through the
tube with two pairs of magnet poles arranged two by
two in mutual opposition, between which pairs a first
and a second gap are present, in which gaps oppositely
directed magnetic fields are generated and through
which gaps a portion of the tube extends, an alternating
current flowing through said tube portion in operation
such that a torque excitation of the tube or tube portion
arises in operation, resulting in an oscillatory rotation
of the tube about the excitation axis of rotation.

9. A flowmeter as claimed in claim 3,

characterized in that that the magnetic field is generated
by elements of an electric coil wound around a mag-
netic yoke with at least one gap, which coil is con-
nected to an electric circuit designed to pass an alter-
nating current or a direct current through said coil in
operation, whereupon the first elements cause a direct
current or an alternating current, respectively, to flow
through the tube wall.

10. A flowmeter as claimed in claim 1,

characterized in that the tube is has the shape of a loop,
in that said loop follows a substantially circumferential,
mechanically closed path, in that the ends of the loop
are cornected to a flexible inlet tube and to a flexible
outlet tube for the flowing medium, and in that the loop
is resiliently suspended from a frame by elements of
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said flexible inlet and outlet tubes such that the result-
ing suspension allows a movement about two mutually
perpendicular axes in the plane of the loop, one for the
excitation movement and one for the Coriolis move-
ment that arises when a medium is flowing through the
tube.

11. A flowmeter as claimed in claim 1,

characterized in that it is provided with at least two optical
sensors for measuring deformation of the tube occur-
ring under the influence of a medium flowing through
the tube, which sensors are situated on either side of the
point of intersection (pole) of the primary axis of
rotation and a tube portion of which the deformation is
to be measured, the distance from each sensor to said
point of intersection being between 5% and 25% of half
the length of said tube portion.

12. A flowmeter as claimed in claim 11,

characterized in that the optical sensors are opto-elec-
tronic sensors which each comprise a light source
located at one side of the tube portion and a photosen-
sitive cell located at the opposite side of the tube
portion in the light path of the light source, such that the
portion of the light not intercepted by the tube is
measured.

13. A flowmeter as claimed in claim 11,

characterized in that the optical sensors are opto-elec-
tronic sensors which each comprise a light source
located at one side of the tube portion and a photosen-
sitive cell located at the same side of the tube portion
in the path of the light reflected by the tube portion,
such that either the intensity of the reflected light
incident on the photosensitive cell, or the position of
the reflected light on the photosensitive cell, is mea-
sured.

14. A flowmeter as claimed in claim 12,

characterized in that the positioning of the light source
relative to the tube portion is such that 40 to 60% of the
active surface area of the photosensitive cell is illumi-
nated by the light source in the idle mode.

15. A flowmeter as claimed in claim 11,

characterized in that the time difference between the zero
passages of the signals from the photosensitive sensors
is measured, which difference is representative of the
flow.

16. A flowmeter as claimed in claim 11,

characterized in that the signals from the photosensitive
sensors are converted to the frequency domain, and in
that the phase difference between the two sensor signals
converted to the frequency domain is measured, which
difference is representative of the flow.

17. A flowmeter as claimed in claim 11,

characterized by a third sensor in line with the first two
sensors, the signals from the three sensors being pro-
cessed in a processing device (digital signal processor)
$0 as to obtain a signal that represents a measure for the
flow inclusive of a pole position correction.

18. A flowmeter as claimed in claim 11,

characterized in that the optical sensors are opto-elec-
tronic sensors which each comprise a light source
located at one side of the tube portion and a photosen-
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sitive cell located at the same side of the tube portion
in the path of the light reflected by the tube portion,
such that the position of the reflected light on the
photosensitive cell is measured.

19. A flowmeter as claimed in claim 4,
characterized in that at least one transformer core is

provided around the tube, the tube thus forming a
secondary winding and a coil provided on the core
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forming a primary winding, such that a current is
induced in the tube wall when the primary winding is
energized.

20. A flowmeter as claimed in claim 12,

characterized by a third sensor in line with the first two
sensors, the signals from the three sensors being pro-
cessed in a processing device (digital signal processor)
so as to obtain a signal that represents a measure for the
flow inclusive of a pole position correction.
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