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[Abstract
In the method of the Invention, respectively the measuring system of the invention, a fluid contacted

which Is caused to vibrate in such a manner that it at least partially executes mechanical oscillat
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(57) Abrege(suite)/Abstract(continued):
(resonant oscillations) dependent on the density of the fluid contacting a first surface (10+) of the vibratory body, as well as also

dependent on the temperature of the vibratory body. For producing at least one oscillation measurement signal, which has at least
one sighal component with a signal frequency corresponding to the resonant frequency and consequently dependent on the
density of the fluid, vibrations of the vibratory body are registered by means of an oscillation sensor (51). Moreover, a temperature
sensor (61) Is applied thermally attached with a non fluid contacting, second surface (10#) of the vibratory body for producing a
temperature measurement signal representing a time curve of a variable temperature of the vibratory body. As a function also of a
thermal conductivity and a heat capacity of the vibratory body, the temperature measurement signal can follow, however time
delayed, a change of the temperature of the vibratory body from a beginning temperature value, 610’“, to a new temperature value,

©.,,1- Based on the oscillation measurement signal as well as the temperature measurement signal, density, measured values are
produced representing the density, wherein, during such, discrepancies possibly occurring between the time curve of the
temperature of the vibratory body and the temperature measurement signal are taken into consideration, respectively at least

partially compensated.
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Abstract

In the method of the invention, respectively the measuring system of the invention, a
fluid contacted, vibratory body (10) is provided, which is caused to vibrate in such a
manner that it at least partially executes mechanical oscillations with a resonant
frequency (resonant oscillations) dependent on the density of the fluid contacting a
first surface (10+) of the vibratory body, as well as also dependent on the
temperature of the vibratory body. For producing at least one oSciIIation
measurement signal, which has at least one signal component with a signal
frequency corresponding to the resonant frequency and consequently dependent on
the density of the fluid, vibrations of the vibratory body are registered by means of an
oscillation sensor (51). Moreover, a temperature sensor (61) is applied thermally
attached with a non fluid contacting, second surface (10#) of the vibratory body for
producing a temperature measurement signal representing a time curve of a variable
temperature of the vibratory body. As a function also of a thermal conductivity and a
heat capacity of the vibratory body, the temperature measurement signal can foilow,

however time delayed, a change of the temperature of the vibratory body from a
beginning temperature value, ®qo¢, to a new temperature value, ®151. Based on
the oscillation measurement signal as well as the temperature measurement signal,

density, measured values are produced representing the density, wherein, during
such, discrepancies possibly occurring between the time curve of the temperature of
the vibratory body and the temperature measurement signal are taken into

consideration, respectively at least partially compensated.

(Fig. 4)

41
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METHOD AND MEASURING SYSTEM FOR ASCERTAINING
DENSITY OF A FLUID

The invention relates to a method for ascertaining density, p, of a fluid contacting an
oscillatably held, vibratory body, which can be excited to execute vibrations. The
invention relates as well as to a corresponding measuring system suitable for

perferming the method.

Used often in industrial process measurements technology for ascertaining density
of fluid flowing in a pipeline or stored in a container are measuring systems, in the
case of which an oscillatably held, vibratory body, as pari of a physical to electrical,
measuring transducer, is brought into contact with the fluid to be measured, namely
with a volume portion thereof. The vibratory body - contacted by fluid - is caused
during operation to vibrate in such a manner, for example, actively by means of an
electro-mechanical oscillation exciter acting on the vibratory body, that the vibratory
body executes, at least partially, resonant oscillations, namely mechanical
oscillations with a resonant frequency, which is dependent on the mechanical
construction of the vibratory body, as well as also on the density of the fluid. The
measuring transducer is, for such purpose, most often applied in a container wall of
the container, for example, a tank, holding the fluid or in the course of a line, for
example, a pipeline, through which the fluid Is moving, and is equipped also to
register vibrations of the vibratory body and to produce at least one oscillation
measurement signal, which has at least one signal component with a signal
frequency corresponding to the resonant frequency and, consequently, dependent
on the density of the fluid. Examples of such measuring transducers, respectively
measuring systems, formed by means of one or more vibratory bodies and thus
suitable for measuring density, are described in, among others, EP-A 564 682,

EP-A 919 793 US-A 2007/0028663, US-A 2008/0127745, US-A 2010/0083752,
US-A 2010/0236323 US-A 2011/0219872, US-A 4,524,610, US-A 4,801,897, US-A
5 027,662, US-A 5,054,326, US-A 5,796,011, US-A 5965 824, US-A 60 73495, US-A 6,138,507,
US-A 6148665, US-B 6,044,694, US-B 6,389,891, US-B 6.651,513, US-B 6,688,176, US-B
6711942, US-B 6,845663, US-B 6,912,904, US-B 6938475 US-B 7,040,179, US-B
7.102,528, US-B 7,272,525, US-B 7,549,319, US-B 7,681,445, US-B 7,874,199,

1
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WO-A 00/19175, WO-A 01/02816, WO-A 01/29519, WO-A 88/02853,
WO-A 93/01473, WO-A 93/19348, WO-A 93/21505, WO-A 94/21999,
WO-A 95/03528, WO-A 95/16897, WO-A 95/29385 or WO-A 98/02725. In
accordance therewith, the vibratory body can be e.g. a measuring tube inserted into
the course of the line carrying the fluid, thus a measuring tube through'which the
fluid is flowing - for instance, the measuring tube of a measuring transducer of a
’measuring system in the form of a purely density measuring device for flowing fluids,
in the form of a Coriolis, mass flow/-density measuring device and/or in the form of a
density-/viscosity measuring device - or, however, e.g. also a vibratory body formed
by means of an oscillating cylinder extending into the fluid — located in a line or in a
container - and formed, in given cases, in rod- or paddle shape and/or internally
hollow, consequently provided e.g. also by a vibronic fill level limit switch measuring

also density, supplementally to a limit of fill-level.

The measuring transducer is, furthermore, connected with an electronics of the
measuring system serving for evaluation of the at least one oscillation measurement
signal and for generating corresponding density, measured values representing the
density. In the case of modern measuring systems of the type being discussed,
such electronics are, as described in, among others, also in US-B 6,311,136 or
US-A 6.073,495, most often implemented by means of one or more microprocessors
formed, in given cases, also as digital signal processors (DSP). Besides evaluation
of the at least one oscillation measurement signal delivered by the measuring

transducer and representing oscillations of its vibratory body, the electronics serves

also to generate at least one driver signal, for example, an harmonic and/or clocked,
driver signal, for an electro-mechanical oscillation exciter acting on the vibratory
body and serving for actively exciting said oscillations, for example, an electro-
mechanical oscillation exciter having an exciter coil interacting with a permanent
magnet affixed on the vibratory body or a piezoelement affixed on the vibratory body,
wherein the driver signal has a signal component with a signal frequency matched to
the resonant frequency of the vibratory body. Said signal component, respectively

the driver signal, can, for example, also be controlled as regards its electrical current

level and/or voltage level.
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In the case of measuring systems of the type being discussed, the electronics is
most often accommodated within at least one, comparatively robust, especially
impact-, pressure-, and/or weather resistant, electronics housing. The electronics
housing can be arranged, for example, remotely from the measuring transducer and
connected therewith only via a flexible cable; it can, however, also be arranged, as
shown e.g. also in the initially mentioned US-A 5,796,011, directly on the measuring
transducer or on a measuring transducer housing separately housing the measuring
transducer, and thus, also, its vibratory body. Moreover, , however, as shown in,
among others, WO-A 01/29519, it is also quite usual, In givenn cases, to use
modularly formed electronics accommodated In two or more separate housing

modules for forming measuring systems of the type being discussed.

In the case of measuring systems of the type being discussed, the electronics is
usually electrically connected via corresponding electrical lines to a superordinated
electronic data processing system most often arranged spatially removed from the
'respective device. Most often, the electronic data processing system is also spatially
distributed. Measured values produced by the respective measuring system are
forwarded near in time by means of a measured value signal correspondingly
carrying the measured values. Measuring systems of the type being discussed are
additionally usually connected with one another by means of a data transmission
network provided within the superordinated data processing system and/or with
corresponding electronic process controls, for example, on-site programmable logic
controllers or process control computers installed in a remote control room, where
the measured values produced by means of the respective measuring system and
digitized and correspondingly coded in suitable manner are forwarded. By means of
such process control computers, the transmitted measured values can be further
processed and visualized as corresponding measurement results e.g. on monitors
and/or converted into control signals for other field devices embodied as actuating
devices, such as e.g. magnetically operated valves, electric-motors, etc. Since
modern measuring arrangements can most often also be monitored and, in given
cases, controlled and/or configured directly from such control computers, operating
data intended for the measuring system are equally dispatched in corresponding

manner via the aforementioned data transmission networks, which are most often
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hybrid as regards the transmission physics and/or the transmission logic.
Accordingly, the data processing system serves usually also, to condition the
measured value signal delivered by the measuring system in accordance with the
requirements of downstream data transmission networks, for example, suitably to
digitize the measured value signal and, in given cases, to convert such into a
corresponding telegram, and/or to evaluate such on-site. For this purpose, there are
provided in the data processing systems, electricaily coupled with the respective
connecting lines, evaluating circuits, which pre- and/or further-process as well as, in
case required, suitably convert, the measured values received from the respective
measuring system. Serving for data transmission in such industrial data processing
systems are at least sectional, especially serial, fieldbusses, such as e.g.,
FOUNDATION FIELDBUS, RACKBUS-RS 485, PROFIBUS, etc., or, for example,
also networks based on the ETHERNET standard, as well as the corresponding,
most often comprehensively standardized, transmission protocols. Alternatively or
supplementally, in the case of modern measuring systems of the type being
discussed, measured values can also be transmitted wirelessly per radio to the

respective data processing system.

Besides the evaluating circuits required for processing and converting the measured
values delivered from the respectively connected measuring system, sucn
superordinated data processing systems have most often also electrical supply
circuits serving for supplying the connected measuring- and/or switching devices
with electrical energy. Such electrical supply circuits provide a supply voltage for the
respective electronics and drive the electrical currents flowing through electrical lines
connected thereto as well as through the respective electronics. In given cases,
such voltage is fed directly from the connected fieldbus. A supply circuit can, in such
case, be associated with, for example, exactly one measuring system, respectively a
corresponding electronics, and can be accommodated, together with the evaluating
circuit associated with the respective measuring system -, for example, united into a
corresponding fieldbus adapter - in a shared electronics housing, e.g. in the form of a
hatrail module. It is, however, also quite usual to accommodate supply circuits ana
evaluating circuits, in each case, in separate electronics housings, in given cases,

spatially remote from one another and to wire them together via external lines.
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In the case of measuring systems for density measurement, wherein the measuring
system operates by means of a vibratory body, such as disclosed in, among others,
the initially mentioned WO-A 88/02853, WO-A 98/02725, WO-A 94/21999, In the

case of ascertaining the density p based on the resonant oscillations of the vibratory

body, or its resonant frequency f;, the temperature 31 of the vibratory body, thus a
temperature of the vibratory body dependent on a temperature of the fluid to be
'measured, consequently a variable temperature of the vibratory body, is to be take
into consideration. For ascertaining such, a local temperature Ssens Of the vibratory
body on a surface of the vibratory body facing away from the fluid, consequently a
"dry" surface not contacted thereby, is registered by sensor, usually by means of a
thereon adhered, platinum resistor of a resistance thermometer or by means of a
thermocouple adhered on said surface, as well as a corresponding measuring circuit
in the electronics. Such temperature is then correspondingly taken into
consideration in ascertaining the density, for instance, according to the relationships,
9sens ~ 910, fi? = f(Ssens — S10), or f2=1f(1/p). An additional improvement of the
accuracy, with which the density can ultimately be measured, can be achieved in the
case of measuring systems of the type being discussed, not least of all in the case of
such having as vibratory body a measuring tube clamped on its two ends, in among
other ways, by registering, as mentioned, among others, aiso In
US-A 2011/0219872, furthermore, mechanical deformations of the vibratory body
located in its static rest position, for instance, deformations as a result of a changing
temperature of the vibratory body and/or as a result of forces acting on the vibratory
body, or mechanical stresses within the vibratory body resuiting therefrom and
correspondingly taking such into consideration in calculating the dens‘ity. Such
mechanical deformations of the vibratory body can be registered, for example, by

means of one or more strain sensors mechanically coupled with the vibratory body

via its "dry" surface.

Further investigations on measuring systems of the type being discussed have,
however, shown that, based on the measured temperature 81 and resonant

frequency f, the density p of fluids can indeed be very exactly ascertained, namely

directly with a relative measuring error of less than 0.2%, in cases where
5
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temperature remains constant over longer periods of time of several minutes or
more. However, especially in the case of a change of the fluid in the line, the density
measured for the "new"” fluid can, first of all, deviate considerably from its actual
density; this - even in the case of application of strain sensors - unluckily, at times,
even In such a manner that, in the case of a fluid with a density actually reduced
relative to the preceding fluid, first of all, a higher density than earlier is ascertained,
respectively also, conversely, in spite of greater density for the "new" fluid, first of all
a lesser density is ascertained. Consequently, the measuring error for the density
has, in comparison to its change, an opposite sign, respectively, the measuring
system has, insofar, an all-pass characteristic.

Taking this into consideration, it is an object of the invention to provide a method for
ascertaining density of a fluid by means of a vibratory body contacted thereby, which
method Is successful also directly after said fluid is introduced into the vibratory body
as replacement for another fluid. The method should work as much as possible
while using conventional vibratory bodies, respectively, while using conventional

sensor arrangements serving for registering the temperature of the vibratory body.

For achieving the object, the invention resides in a method for ascertaining density of
a fluid contacting an oscillatably held, vibratory body excitable to execute vibrations,
for example, a vibratory body of metal, wherein the vibratory body has a specific
thermal conductivity of, for example, greater than 5WK'm™ thus a thereon

dependent, thermal conductance effective for heat transfer from, on the one hand, a
fluid contacting, first surface of the vibratory body, which has a fluid temperature,

namely a temperature of the fluid contacting the first surface, to, on the other hand, a
non fluid contacting, second surface, as well as having a heat capacity, and wherein
a temperature of the vibratory body, namely a temperature of the vibratory body
dependent on the fluid temperature, is variable. The method comprises steps of
causing the vibratory body contacted by fluid to vibrate in such a manner that it
executes, at least partially, resonant oscillations, namely mechanical oscillations with
a resonant frequency dependent on the density of the fluid contacting the first
surface of the vibratory body as well as also on the temperature of the vibratory
body, as well as registering vibrations of the vibratory body for producing at least one
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oscillation measurement signal, which has at least one signal component with a
signal frequency corresponding to the resonant frequency and consequently
dependent on the density of the fluid, applying a temperature sensor thermally
coup'led with the vibratory body via its second surface for producing a temperature
measurement signal representing a time curve of a temperature of the vibratory body,
namely a temperature of the vibratory body dependent on a temperature of the fluid
contacting the vibratory body on its first surface, wherein the temperature
measurement signal, not least of all as a result of the thermal conductance and the
heat capacity of the vibratory body, follows a change of the temperature of the
vibratory body from a beginning first temperature value to a second temperature
value only time delayed, a change resulting, for example, from a change of the
temperature of the fluid contacting the vibratory body on its first surface and/or from a
fluid change, so that the temperature measurement signal corresponds consequently
to said second temperature value only time delayed. Furthermore, the method of the
invention comprises a step of producing a measured value of density based on the
oscillation measurement signal as well as the temperature measurement signal
during a change of the temperature of the vibratory body resulting, for example, from
a change of the temperature of the vibratory body on its first surface. Indeed, the
measured value of density is produced in such a manner that a discrepancy,
especially a time dependent discrepancy, occurring during the producing of the
measured value of density between the time curve of the temperature of the vibratory

body' and the temperature measurement signal, is taken into consideration, for

example, even at least partially compensated.

According to another aspect of the present disclosure, there is provided a method for
ascertaining density of a fluid contacting an oscillatably held, vibratory body,
especially a metal vibratory body, which can be excited to execute vibrations, wherein
the vibratory body has a specific thermal conductivity especially one greater than
5W K 1 m-1, and, thus, a thereon dependent, thermal conductivity effective for heat
transfer from, on 'the one hand, a fluid contacting, first surface of the vibratory body,

which has a fluid temperature namely a temperature of the fluid contacting the first
7



10

15

20

25

30

CA 02858916 2016-02-01

78639-62

surface, to, on the other hand, a non fluid contacting, second surface, as well as
having a heat capacity, and wherein a temperature of the vibratory body, namely a
temperature of the vibratory body dependent on the fluid temperature Is variable, said
method comprising: causing the vibratory body contacted by fluid to vibrate in such a
manner that it executes, at least partially, resonant oscillations namely mechanical
oscillations with a resonant frequency dependent on the density of the fluid contacting
the first surface of the vibratory body as well as also on the temperature of the
vibratory body; registering vibrations of the vibratory body for producing at least one
oscillation measurement signal which has at least one signal component with a signal
frequéncy corresponding to the resonant frequency and consequently dependent on
the density of the fluid; applying a temperature sensor thermally coupled with the
vibratory body via its second surface for producing a temperature measurement
signal, representing a time curve of a temperature of the vibratory body, namely a
temperature of the vibratory body dependent on a temperature of the fluid contacting
the vibratory body on its first surface, wherein the temperature measurement signal,
espe_cially as a result of the thermal conductance, and the heat capacity of the
vibratory body, follows a change of the temperature of the vibratory body from a
beginning first temperature value to a second temperature value, only time delayed, a
change resulting especially from a change of the temperature of the fluid contacting
the vibratory body on its first surface and/or from a fluid change, so that the
temperature measurement signal corresponds consequently to said second
temperature value only time delayed: and producing a measured value of density
based on the oscillation measurement signal as well as the temperature
measurement signal during a change of the temperature of the vibratory body,
especially a change of the temperature of the vibratory body resulting from a change
of the temperature of the vibratory body on its first surface, in such a manner that a
discrepancy, especially a time dependent discrepancy occurring during the producing
of the measured value of density between the time curve of the temperature of the
vibratory body and the temperature measurement signal, is taken into consideration,

especially in such a manner that said discrepancy is at least partially compensated,
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sald producing the measured value of density including: applying the oscillation
measurement signal for producing a measured value of frequency representing the
resonant frequency of the vibratory body contacted by the fluid; applying the
temperature measurement signal for producing a measured value of temperature
representing the temperature of the vibratory body; and applying both the measured
value of frequency as well as also the measured value of temperature for producing
the measured value of density; wherein said producing the measured value of
frequency includes: producing a sampled sequence of frequency, namely a sequence
of digital frequency values ascertained at different points in time based on the at least
one oscillation measurement signal, said sampled sequence approximating a time
curve of the resonant frequency of the vibratory body; applying the sampled
sequence of frequency for producing a delayed sampled sequence of frequency,
namely a sequence of digital frequency values ascertained at different points in time
based on the sampled sequence of frequency, in order to approximate the time curve
of the resonant frequency of the vibratory body, in such a manner that said delayed
sampled sequence of frequency more slowly approaches a time curve of the
resonant frequency following on a change of the resonant frequency than the
sampled sequence of frequency; and applying the delayed sampled sequence of

frequency for producing the frequency measured value.

Furthermore, the invention resides in a measuring system for ascertaining density of
a fluid, for example, a fluid flowing in a pipeline, which measuring system comprises a
measuring transducer having at least one vibratory body, for example, a vibratory
body of metal, which is oscillatably held and adapted to be contacted on a first
surface by fluid to be measured in such a manner that the first surface assumes a
fluid temperature, namely a temperature of the fluid contacting the first surface, and
to be caused to vibrate in such a manner that it executes, at least partially, resonant
oscillations, namely mechanical oscillations with a resonant frequency dependent on
the density of the fluid, and which has a specific thermal conductivity, Ay, for
example, of greater than 5 W K' m™, consequently a therefrom dependent, effective

thermal conductance, A4g, for heat transfer from the first surface to a non fluid
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contacting, second surface, and a heat capacity, C40, and having at least one
oscillation sensor for registering vibrations of the measuring tube and for producing
an oscillation measurement signal, which has at least one signal component with a
signal frequency dependent on the density of the fluid, and having a temperature
5 sensor thermally coupled with the second surface of the vibratory body for registering

a temperature on the second surface of the vibratory body dependent on the fluid
temperature, and for producing a temperature measurement signal representing a
time curve of a temperature of the vibratory body, namely a temperature of the
vibratory body dependent on the fluid temperature, wherein the temperature

10 measurement signal, not least of all caused through the thermal conductance, A1y,
and the heat capacity, C1q, of the vibratory body, follows a change of the temperature
of the vibratory body from a beginning first temperature value to a second
temperature value, only time delayed, for instance, a change of the temperature
resulting from a change of the temperature of the fluid contacting the vibratory body

15 on its first surface and/or a change of the fluid, so that the temperature measurement
signal corresponds consequently to said second temperature vaiue, only time
delayed. The measuring system further comprises an electronics electrically
connected with the measuring transducer for processing the osciliation measurement
signal and the temperature measurement signal as well as for generating, based on

20 both the oscillation- as well as also the temperature measurement signal, a measured
value of density representing the density of the fluid. The electronics of the measuring
system of the invention is, furthermore, arranged, during the generating of the
measured value of density, to take into consideration a discrepancy occurring
between the time curve of the temperature of the vibratory body and the temperature

25 measurement signal, especially a time dependent discrepancy, especially in such a

manner that said discrepancy is at least partially compensated.

According to another aspect of the present disclosure, there Is provided a measuring
system for ascertaining density of a fluid, especially a fluid flowing in a pipeline,
especially a measuring system for ascertaining density according to a method as

30 described herein, which measuring system comprises:. a measuring transducer
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having at least one vibratory body, especially a vibratory body of metal, wherein the
vibratory body is held oscillatably and adapted to be contacted on a first surface by
fluid to be measured in such a manner that the first surface assumes a fluid
temperature, namely a temperature of the fluid contacting the first surface, and to be
caused to vibrate in such a manner that it executes, at least partially, resonant
oscillations, namely mechanical oscillations with a resonant frequency dependent on
the density of the fluid, and wherein the vibratory body has a specific thermal
conductivity, especially one greater than 5 W K 1 m 1, consequently a therefrom
dependent, thermal conductivity effective for heat transfer from the first surface to a
non fluid contacting, second surface, and a heat capacity, having at least one
oscillation sensor for registering vibrations of the vibratory body and for producing an
oscillation measurement signal, which has at least one signal component with a
dependent signal frequency on the density of the fluid, and with a temperature sensor
thermally coupled with the second surface of the vibratory body for registering a
temperature on the second surface of the vibratory body dependent on the fluid
temperature, and for producing a temperature measurement signal representing a
time curve of a temperature of the vibratory body, namely a temperature dependent
on the fluid temperature of the vibratory body, said temperature measurement signal,
especially as a result of the thermal conductance and the heat capacity of the
vibratory body, following a change of the temperature of the vibratory body from a
beginning first temperature value to a second temperature value, only time delayed,
especially a change of the temperature resulting from a change of the temperature of
the fluid contacting the vibratory body on its first surface and/or a change of the fluid,
so that the temperature measurement signal corresponds consequently to said
second temperature value only time delayed; as well as an electronics electrically
connected with the measuring transducer for processing the oscillation measurement
signal and the temperature measurement signal as well as for generating, based on
both the oscillation- as well as also the temperature measurement signal, a measured

value of density representing the density of the fluid, wherein the electronics is

adapted, during the generating of the measured value of density, to take into
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consideration a occurring between the time curve of the temperature of the vibratory
body and the temperature measurement signal, especially a time dependent
discrepancy, especially in such a manner that said discrepancy is at least partially
compensated; wherein: the electronics is adapted to produce a sampled sequence of
frequency, namely a sequence of digital frequency values ascertained at different
points in time based on the at least one oscillation measurement signal, said sampled
sequence approximating a time curve of the resonant frequency of the vibratory body;
the electronics Is adapted to apply the sampled sequence of frequency for producing
a delayed sampled sequence of frequency, namely a sequence of digital frequency
values ascertained at different points in time based on the sampled sequence of
frequency, in order to approximate the time curve of the resonant frequency of the
vibratory body, in such a manner that said delayed sampled sequence of frequency
more slowly approaches a time curve of the resonant frequency following on a
change of the resonant frequency; the electronics is adapted to apply the delayed
sampled sequence of frequency for producing a frequency measured value
representing the resonant frequency of the vibratory body contacted by the fluid; and
the electronics is adapted to apply the frequency measured value for producing the

density measured value.

According to a first embodiment of the method of the invention, such further
comprises a step of applying the oscillation measurement signal for producing a

measured value of frequency representing the resonant frequency of the vibratory
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body contacted by the fluid. Furthermore, the method comprises a step of applying
the temperature measurement signal for producing a measured value of temperature
representing the temperature of the vibratory body as well as a step of applying both
the measured value of frequency as well as also the measured value of temperature

for producing a measured value of density representing the density.

According to a second embodiment of the method of the invention, stch further
comprises a step of producing a sampled sequence of frequency, namely a
sequence of digital frequency values ascertained at different points in time based on
the at least one oscillation measurement signal. Such sequence approximates a
time curve of the resonant frequency of the vibratory body. Developing this
embodiment of the invention further, it is additionally provided that the sampled
sequence of frequency is applied for producing a delayed sampled sequence of
frequency, namely a sequence of digital frequency values ascertained at different
points in time based on the sampled sequence of frequency, in order to approximate
the time curve of the resonant frequency of the vibratory body, in such a manner that
said delayed sampled sequence of frequency more slowly approaches a time curve
of the resonant frequency following on a change of the resonant frequency, for
examp|e, a jump-like change of the resonant frequency, than the sampled sequence

of frequency.

According to a third embodiment of the method of the invention, such further

comprises a step of producing a sampling sequence of surface temperature, namely
a sequence of digital temperature values ascertained at different points in time
based on the at least one temperature measurement signal, in order to approximate

a time curve of the temperature on the second surface of the vibratory body.

According to a fourth embodiment of the method of the invention, such further
comprises a step of producing an estimated sequence of temperature of the
vibratory body, namely a sequence of digital temperature values ascertained at
different points n time based on the at least one temperature measurement signal, in
order to approximate a time curve of the temperature of the vibratory body, in such a

manner that said estimated sequence of temperature of the vibratory body more
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quickly approaches a time curve of the temperature of the vibratory body foliowing
on a change of the temperature on the second surface of the vibratory body, for
example, a jump-like change and/or a change resulting from a change of the fluid
temperature, than the temperature measurement signal.

According to a fifth embodiment of the method of the invention, such further
comprises a step of applying a strain sensor mechanicaily coupled with the vibratory
body via its second surface for producing a deformation measurement signal
representing a time curve of a deformation of the vibratory body, namely a
deformation of the vibratory body dependent on the temperature of the vibratory
body and/or a force acting on such. Developing this embodiment of the invention
further, it is, furthermore, provided to produce, and to apply for producing the
measured value of density, a sampling sequence of deformation, namely a sequence
of digital deformation measurement values ascertained at different points in time
based on the at least one deformation measurement signal, in order to approximate

a time curve of the deformation of the vibratory body.

According to a sixth embodiment of the invention, it is, furthermore, provided that the
vibratory body is an oscillatably held measuring tube having a lumen surrounded by
a tube, or pipe, wall, especially a wall of metal. Developing this embodiment of the
invention further, the measuring tube is, furthermore, adapted to be immersed in fluid
in such a manner that the first surface of the vibratory body contacting the fluid Is
formed by an outer surface of the tube, or pipe, wall and the non fluid contacting,
second surface of the vibratory body by an inner surface of the tube, or pipe, wal
facing the lumen. Alternatively thereto, the measuring tube can, however, also be
adapted to carry fluid, for example, flowing fluid, wherein the first surface of the
vibratory body contacting the fluid is formed by an inner surface of the tube, or pipe,
wall facing the lumen and the non fluid contacting, second surface of the vibratory

body by an outer surface of the tube, or pipe, wall.

According to a seventh embodiment of the invention, the vibratory body Is adapted to

COnvey fluid, respectively to have fluid flowing through it.

10
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According to an eighth embodiment of the invention, the vibratory body is adapted to
be immersed in fluid, or to be flowed on by fluid. Developing this embodiment of the
iInvention further, it is, furthermore, provided that the vibratory body has an
oscillatably held membrane, and that the first surface of the vibratory body contacting
the fluid is formed by means of a first membrane surface and the non fluid
contacting, second surface by a second membrane surface lying opposite the first
membrane surface. In the case of this embodiment of the invention, the vibratory
body can further have, for example, also a paddle affixed on the first membrane
surface, thus a paddle protruding into the fluid.

A basic idea of the invention is at least partially to compensate previously
unrecognized, dynamic measuring errors inherent in measuring systems of the type
being discussed, errors such as can occur during a transition time period transient as
regards the temperature of the vibratory body and resulting, for instance, from a fluid
change and/or from a significant change of the fluid temperature. Such
compensation is achieved by corresponding correcting of the measured resonant
frequency and/or the temperature measured on the vibratory body, namely by
subsequent conforming of the time curve of the measured resonant frequency to the
time curve of the measured temperature regularly trailing relative to the measured
resonant frequency, or by subsequent conforming of the time curve of the measured
temperature to the time curve of the measured resonant frequency leading relative to

the measured temperature.

The invention as well as other advantageous embodiments thereof will now be
explained in greater detail based on examples of embodiments presented in the
figures of the drawing. Equal parts are provided in all figures with equal reference
characters; when perspicuity requires or it otherwise appears sensible, already
mentioned reference characters are omitted in subsequent figures.  Other
advantageous embodiments or further developments, especially also combinations
of first only individually explained aspects of the invention, will become evident,
furthermore, from the figures of the drawing, as well as also from the dependent

claims per se. The figures of the drawing show as follows:
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a measuring system (here embodied in the form of a compact
measuring device) of industrial measuring- and automation

technology for measuring density of a fluid flowing in a pipeline;

schematically in the manner of a block diagram, a measuring
system of Fig. 1 having an electronics and a measuring
transducer connected thereto;

schematically, a sketch of the principles of a measuring
arrangement suitable for a measuring system according to Fig.
1. or a measuring transducer according to Figs. 2 and 3,
comprising a vibratory body, an oscillation exciter, an oscillation

sensor and a temperature sensor,

in exploded view, a variant of a measuring transducer,
especially a measuring transducer suitable for a measuring
system according to Fig. 1, respectively Fig. 2, having a

vibratory body formed by means of a measuring tube;

time curves ascertained by means of a measuring transducer
according to Figs. 2, 3, and/or 4 of an actual density to be
measured, a measured resonant frequency of the vibratory
body, an temperature measured on the vibratory body, as well

as a measured density derived therefrom in conventional

manner; and

time curves ascertained by means of a measuring transducer according

to Figs. 2, 3, and/or 4 of an actual density to be measured, a
corrected resonant frequency of the vibratory body, respectively
a corrected temperature of the vibratory body as well as a

measured density derived therefrom.

12
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Figs. 1, 2 and 3 show measuring systems schematically, by way of exampie,
especially measuring systems suitable for application in industrial measuring- and
automation technology. Such measuring systems serve to measure a density p of a
flowable fiuid FL, for example, thus a liquid, or a gas, guidable in a line, such as, for
instance, a pipeline or a flume, or containable in a container, such as, for instance, a
tank, and thus to produce sequential measured values X, representing said density
as a function of time. The measuring system is implemented here, in each case, as
an in-line measuring device, namely a measuring system insertable into the course
of a pipeline (not shown). The measuring system can accordingly be, for example, a
Coriolis, mass flow/density measuring device for measuring, supplementally to
density p, also mass flow rate m of flowing fluids being measured and/or a

density/viscosity measuring device for measuring, suppiementally to density, also

viscosity n of flowing fluids.

For registering the density, the measuring system comprises a measuring transducer
MT — here a measuring transducer insertable into the course of a pipeline (not
shown). During operation, the fluid to be measured flows through the measuring
transducer. Measuring transducer MT includes an oscillatably held, vibratory body
10, especially one of metal and — as directly evident from the combination of Figs. 1,

2 and 3 - is electrically connected to a measuring electronics ME accommodated in
an electronics housing 200 and lastly delivering the density, measured values X,.

The vibratory body 10 has a plurality of eigenfrequencies, of which each is

determined decisively by the material, respectively modulus of elasticity, as well as
by the mechanical construction, respectively the actual installed situation, of the

vibratory body.

The vibratory body 10 is, as schematically presented in Fig. 4, adapteq, during
operation, to be contacted, at least on a first surface 10+, by the fluid FL to be
measured and simultaneously to be excited actively to execute m'echanical
oscillations, and. indeed, in such a manner that the vibratory body contacted by fluid
10 executes, at least partially, resonant oscillations o, namely, mechanical

oscillations with a resonant frequency f,, which — besides depending on one of the

eigenfrequencies — also depend on the density p of the' fluid contacting the first
13
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surface of the vibratory body and can consequently serve as a measure for said
density. Moreover, the resonant frequency f; is, as is known, additionally determined
also by a fluid temperature 3¢, namely a temperature of the fluid contaCting the first
surface, since the eigenfrequencies of the vibratory body, not least of all because of
a temperature dependence of a modulus of elasticity of the vibratory body, as well as
also a temperature dependent, volume expansion, is influenced decisively also by a

temperature 94, especially an average temperature, of the vibratory body, namely a

temperature of the vibratory body dependent on the fluid temperature 3¢

Based on these mechanical oscillations of the vibratory body 10, the measuring
transducer generates, furthermore: At least one oscillation measurement signal Ssens
dependent on density, namely having at least one signal component with a signal
frequency corresponding to the resonant frequency f. and representing,

consequently, vibrations of the vibratory body 10; as well as at least one temperature
measurement signal 8sens serving for compensating for the influence of temperature
of the vibratory body 910 on the resonant frequency f,, consequently on the oscillation
measurement signal Ssens1. The signal Osens corresponds to, in any event, at least

approximately represents, a time curve of the temperature 84, of the vibratory body.

The measuring electronics ME includes, as schematically presented in Fig. 3,
consequently, furthermore, a driver-circuit Exc serving for activating the measuring
transducer as well as a measuring- and evaluating-circuit uC serving for processing

the at least one oscillation measurement signal ssens1 Of the measuring transducer

MT and formed, for example, by means of at least one microprocessor and/or by
means of a digital signal processor (DSP). Measuring- and evaluating-circuit uC
applies the at least one oscillation measurement signal Ssens1 10 produce the density,

measured values, which can, for example, also be in the form of digital values.

The density- measured values generated by means of the electronics ME can, for
example, be displayed on-site. For visualizing, on-site, measured values producec
internally in the measuring device and/or, in given cases, measuring device internally
generated, system status reports, such as, for instance, an error report or an alarm,

the measuring device can, as also indicated in Fig. 3, have, for example, a display-
14
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and servicing element HMI, which is in communication with the electronics and is, In
given cases, also portable. Examples of the display- and servicing element HMI
include, for instance, an LCD-, OLED- or TFT display placed in the electronics
housing behind a window provided correspondingly therein, as well as a
corresponding input keypad and/or a touch screen. |n advantageous manner, the,
for example, also remotely parameterable, electronics can, furthermore, be so
designed that it can, during operation of the measuring device, exchange with a
superordinated electronic data processing system, for example, a programmable
logic controller (PLC), a personal computer and/or a work station, via a data
transmission system, for example, a fieldbus system and/or wirelessly per radio,
measuring— and/or other operating data, such as, for instance, current measuring-
and/or system diagnosis values or tuning values serving for control of the measuring
device. Furthermore, the electronics ME can be so designed that it can be fed by an
external energy supply, for example, also via the aforementioned fieldbus system.
For the case, in which the measuring device is to be coupled to a fieldbus- or other
communication system, the electronics ME, for example, also an on-site and/or via
communication system (re-)programmable, electronics ME, can have, additionally, a
corresponding communication-interface for data communication, e.g. foir sending
measuring- and/or operating data, thus, the measured values representing the at
least one measured variable, to the already mentioned, programmable logic
controller or to a superordinated process control system and/or for receiving settings
data for the measuring device. Particularly for the case, in which the measuring

device is to be coupled to a fieldbus- or other communication system, the electronics
ME includes, consequently, furthermore, a communication interface COM embodiea

for data communication according to one of the relevant industry standards.
Moreover, the electronics ME can have, for example, an internal energy supply
circuit ESC. which, during operation, is fed via the aforementioned fieldbus system
by an external energy supply provided in the aforementioned data processing
system. In such case, the electronics can, furthermore, be so embodied e.g. that it is
electrically connectable with the external electronic data processing system by
means of a two-wire connection 2L configured, for example, as a 4-20 mA-current
loop, and thereby be supplied with electrical energy as well as be able to transmit

measured values to the data processing system; the measuring device can,
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however, for example, also be embodied as a so-called four-conductor-measuring
device, in the case of which the internal energy supply circuit ESC of the electronics
ME is connected by means of a first pair of lines with an external energy supply and
the internal communication circuit COM of the electronics ME by means of a second

pair lines with an external data processing circuit or an external data transmission

system.

The measuring electronics ME is, furthermore, in the example of an embodiment
shown here, accommodated in a corresponding electronics housing 200, especially
one impact- and/or also explosion resistantly and/or hermetically sealedly formed
and/or modularly built up. Electronics housing 200 can, for example, be arranged
removed from the measuring transducer, or, as shown in Fig. 1, be affixed directly on
the measuring transducer MT, for example, externally on the transducer housing
100. in order to form a single, compact device. In the case of the example of an
embodiment shown here, there is, consecuently, placed on the transducer housing
100, furthermore, a necklike transition piece serving for holding the electronics
housing 200. Arranged within the transition piece can be, furthermore, a
hermetically and/or pressure resistantly sealed duct, for example, sealed by means
of glass and/or plastic potting compound, for electrical connecting lines between
electrical components of the measuring transducer MT, here, for example, thus the

oscillation exciter, or the oscillation sensor, and the electronics ME.

For active exciting of vibrations of the vibratory body, especially also the resonant
oscillations required for measuring density, the measuring transducer comprises,
furthermore, at least one electro-mechanical oscillation exciter 41 in actuating
connection with the vibratory body -, for example, an electrodynamic osciliation
exciter 41, namely formed by means of an armature extending movably In a
solenoidal coil. Said oscillation exciter 41 is, as schematically presented in Fig. 2,
respectively Fig. 4, respectively directly evident from their combination, arranged at a
second surface 10# facing away from the first surface 10+ of the vibratery body 10 -

namely that surface not contacted during operation by the fluid to be measured - and
serves, in such case, especially, to convert an electrical excitation power Pexc fed

from the driver circuit Exc of the electronics ME by means of at least one electrical
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driver signal sqn into, e.g. pulsating or harmonic, namely essentially sinusoidal,
exciter forces Fex, Which act correspondingly on the vibratory body 10 and, thus,
actively excite the desired resonant oscillations. For example, the at least one driver
signal sqv can have simultaneously also a plurality of sinusoidal signal components
with signal frequencies differing from one another, of which one -, for instance, one
at least at times dominating as regards signal power - signal component has a signal
frequency corresponding to the resonant frequency f; required for measuring density.
The exciter forces Fexc generated by converting electrical excitation power Pey fed
into the oscillation exciter can, in such case, in manner known, per se, to those
skilled in the art, be correspondingly tuned by means of the driver circuit Exc
provided in the electronics ME, for instance, by means of electrical current- and/or
voltage-controllers implemented in the driver circuit, controlling an amplitude
(electrical current level) of an electrical current of the driver signal and/or an
amplitude (voltage level) of a voltage of the driver signal as regards their magnitude,
and e.g. by means of a phase control loop (PLL — phase locked loop) ikewise
provided in the driver circuit Exc, as regards their instantaneous frequency or, in the
case of multifrequency excitation, as regards their insfantaneous frequencies,
compare, for this, for example, also US-A 4,801,897 or US-B6,311,136. The
construction and application of the aforementioned phase control loop for the active
exciting of vibratory bodies of the type being discussed to an instantaneous resonant
frequency is described at length e.g. in US-A 4,801,897 Of course, also other driver
circuits known, per se, to those skilled in the art to be suitable for tuning the exciter

energy Eex can be used, for example, also those set forth in the initially mentioned
state of the art, for instance, the initially mentioned US-A 4,777,833,

US-A 4,801,897, US-A 4,879,911, US-A 5,009,109, US-A 5,024,104,
US-A 5050439, US-A 5,804,741, US-A5869,770, US-A6,073,495, or
US-A 6.311,136. Furthermore, as regards an application of such driver circuits,
reference is made to the electronics provided with measurement transmitters of the
sensor series "PROMASS 83" as available from the assignee, for example, In
connection with measuring transducers serving also for measuring density in the
sensor series ‘PROMASS E*, “PROMASS F*, “PROMASS H, “PROMASS I,
“PROMASS P*. “PROMASS S*, or "PROMASS X". Their driver circuit is, for

example, in each case, so executed that resonant oscillations are controiled to a
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largely constant amplitude, consequently also independent of the density p, or also

the viscosity n, of the respective fluid to be measured.

For registering vibrations of the vibratory body 10, not least of all also the resonant
oscillations o, actively excited by means of the at least one osciliation exciter 41, as
well as for transducing said registered vibrations into the at least one oscillation
measurement signal Ssens1, the measuring transducer MT includes, furthermore, at
least a first oscillation sensor 51, for example, an electrodynamic sensor, — here one
spaced from the at least one oscillation exciter 41 - arranged on the second surface
10# of the vibratory body 10. Oscillation sensor 51 lastly delivers the oscillation
measurement signal Ssens1 representing vibrations of the vibratory body, for example,
in the form of an electrical (alternating-)voltage corresponding to the oscillétions with
an amplitude (voltage level) dependent on an instantaneous amplitude of the
oscillations of the vibratory body and a frequency corresponding to that of the
resonant frequency f.. Moreover, the measuring transducer includes additionally at
least one temperature sensor 61 thermally coupled with the vibratory body via its

second surface 10#, for example, adhered thereon, for producing the mentioned

temperature measurement signal Ogens.

As already mentioned and also schematically presented in Fig. 2, respectively 5,
vibratory body 10 can be formed, for example, by means of a measuring tube flowed
through during operation by the fluid FL. The measuring tube is accommodated in a
measuring transducer housing 100 and held oscillatably therein. The measuring
tube has a lumen surrounded by a tube wall, especially one of metal, and extends
with a desired oscillatory length between an inlet-side, first measuring tube end 10
and an outlet-side, second measuring tube ena 10". The measuring system can
accordingly be embodied, for example, also as a COrioIis, mass flow/density
measuring device measuring, supplementally to density, also a mass flow of the fluid
flowing FL and/or as a viscosity/density measuring device measuring supplementally
to density also a viscosity of the fluid. The measuring tube 11, consequently the
vibratory body formed therewith, is adapted, in such case, to be flowed through by
the fluid to be measured, consequently to carry the volume portion of the fluid to be

measured, after it has been allowed to flow into the lumen, wherein the first surface
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of the vibratory body contacting the fluid is formed by an inner surface of the tube
wall facing the lumen and contacted by the fluid and the non fluid contacting, second
surface of the vibratory body is formed by an outer surface of the tube wall. The
resonant oscillations serving for measuring density can, in such case, for example,
be such that the measuring tube serving as vibratory body is caused to vibrate over
its entire desired oscillatory length, for example, in a bending oscillation mode, in
which the at least one measuring tube deflects about an oscillation axis imaginarily
connecting the two measuring tube ends 10', 10" with one another and extending
essentially parallel to an imaginary longitudinal axis L of the measuring transducer, in
the manner of a unilaterally clamped cantilever, and, in such case, is deformed
oscillatingly, repeatedly, elastically about a static resting position. The desired
osclillatory length corresponds, in such case, virtually to a length of a middle, or also
centroidal, axis (connecting line through the centers of gravity of all cross sectional
areas of the measuring tube) extending within the lumen - in the case of a curved
measuring tube, thus, a straightened length of the measuring tube. The measuring
transducer resembles, in its mechanical construction, as well as also its principle of
action, the measuring transducers proposed in US-B 7,360,451 or US-B 6,666,098,
or also those available from the assignee under the marks "PROMASS H"
"PROMASS P" or "PROMASS S" for measuring both density as well as alsc mass
flow of flowing fluids. For implementing the invention, however, also other
measuring transducers with vibratory bodies can serve, in the case of measuring
transducers with a measuring tube as vibratory body, thus, also such with straight
and/or greater than one measuring tube, for example, thus four or, as shown in Fig.
o, two measuring tubes or also such comparable In the initially mentioned
US-A 2010/0236338, US-A 2010/0242623, US-A 2010/0242624, US-A 5,602,345,
US-A 5,731,527, US-A 5,796,011, US-A 6,006,609, US-B 6,513,393,
US-B 6,840,109, US-B 6,920,798 or US-B 7,017,424, or, for example, also the
measuring transducers available from the assignee under the marks "PROMASS I",
"PROMASS M", "PROMASS E", "PROMASS F", or "PROMASS X" for measuring
mass flow as well as also density of flowing fluids. In accordance therewith, the
measuring transducer can, for example, also be a single straight measuring tube or
have at least two measuring tubes, each serving as a vibratory body, for example,

mechanically coupled with one another by means of an inlet-side flow divider and an
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outlet-side flow divider, in given cases, supplementally also by means of in- and
outlet-side coupling elements, and/or equally constructed measuring tubes and/or
curved ones and/or extending parallel to one another, for conveying the fluid to be
measured. During operation, the at least two measuring tubes vibrate opposite-
equally to one another, at least at times, for producing the oscillation measurement
signals, for instance, with equal frequency at a shared oscillation frequency.
Particularly for the case, in which the vibratory body Is formed by means of a straight
measuring tube, the resonant oscillations o, can be, for example, also in the form of
torsional oscillations or radial oscillations about an oscillation axis paralle! to, in given
cases, even coincident with, the mentioned longitudinal axis of the measuring

transducer.

For the typical case for such a measuring transducer with measuring tube serving as
vibratory body, when said measuring transducer MT is to be assembled releasably
with the process line, for example, a process line in the form of a metal pipeline,
there are provided, as indicated in Fig. 1, 2, or 5, or as directly evident from their
combination, on the inlet side (100+) of the measuring transducer, a first connecting
flange 13 for connection to a line segment of the process line supplying fluid to the
measuring transducer and, on the outlet side (100#), a second connecting.ﬂange 14
for a line segment of the process line removing fluid from the measuring transducer.
The connecting flanges 13, 14 can, in such case, as quite usual in the case of
measuring transducers of the described type, also be integrated terminally in the
measuring transducer housing 100, consequently form an inlet-side measuring
transducer end 100+, respectively an outlet-side measuring transducer end 100#. In
the case of its application in a Coriolis, mass flow measuring device, the measuring
transducer, according to an additional embodiment of the invention, includes,
furthermore, a second oscillation sensor 52 spaced from the first oscillation sensor
51 in the flow direction, wherein the first oscillation sensor is placed, for exampie, on
the inlet side of the measuring tube serving as vibratory body, while the second
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