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Description

FIELD OF THE INVENTION

[0001] This invention relates to a vibrating tube densimeter and, more particularly, to a Coriolis effect vibrating tube
densimeter having density output data of increased accuracy and an increased range of operation.

STATEMENT OF THE PROBLEM

[0002] Early Coriolis effect densimeters, such as that disclosed in the U.S. Patent 4,876,879 to Ruesch of October
31, 1989, were designed and operated with the assumption that the accuracy of the density measurement is not affected
by changes in the mass flow rate, temperature, viscosity or pressure of the measured fluid. Density measurement in
a vibrating tube densimeter is based on a measurement of the natural frequency of vibration of the vibrating tube. Early
densimeters were designed with the assumption that changes in the natural frequency of the driven flow tubes are
only caused by changes in the density of the material flowing through the flow tube. The density measurement of these
early densimeters was determined by these meters directly from the measured natural frequency.
[0003] A significant advance in densimeter theory and operation was provided in U.S. Patent 5,295,084 to Aranach-
alam et al. of March 15, 1994 which recognized that the natural frequency of a vibrating flow tube is affected by more
than just the density of the fluid within the tube. It was noted analytically and experimentally that the natural frequency
of a vibrating tube filled with flowing material decreases with an increase in the mass flow rate of the material in the
vibrating tube. A density reading of increased accuracy was provided by measuring the natural frequency of the vibrating
tube and correcting the measured natural frequency to compensate for the decrease in natural frequency caused by
the mass flow rate of the material in the flow tube. The corrected natural frequency was then used in the standard
density computation.
[0004] Experimentation and further development of the mathematical model disclosed in the Aranachalum patent
exposed a shortcoming in the devices described by Aranachalum. The densimeter of Aranachalum is calibrated by
developing three calibration constants. The first two calibration constants, calculated in the same way as was done by
Ruesch, were used in the basic density measurement. However, rather than applying the measured tube frequency to
the basic density measurement calculation, the third calibration constant was developed to compensate the measured
tube frequency for the effect of mass flow rate. The compensated tube frequency is then applied to the basic density
measurement calculation. The third calibration constant is determined by measuring the natural frequency of the vi-
brating tube while flowing a material of known density through the vibrating flow tube at a known mass flow rate. The
change in tube frequency is thereby related to mass flow rate.
[0005] Analysis and experimentation have shown, however, that the decrease in the natural frequency due to the
mass flow rate of material passing through the vibrating tube is itself dependant upon the density of the flowing material.
In other words, at a given mass flow rate, the decrease in the natural frequency of the vibrating tube is different for
materials of different density. The natural frequency of the vibrating tube will decrease more per unit of mass flow rate
as materials with lower density are passed through the vibrating tube. In actual use, it is rare that a densimeter is used
to measure the same flowing material on which the densimeter was calibrated.
[0006] There is a problem, therefore, with densimeters of the type described by Aranachalum. Although their density
measurement is improved by an order of magnitude over earlier densimeters, their performance is degraded if, in
operation, they are used to measure the density of flowing materials other than the material on which the densimeter
was calibrated. There exists a need for a densimeter having a compensation for the effect of mass flow rate that is
independent of the density of the measured material.
[0007] Another shortcoming of existing densimeters is the lack of compensation for the effect on existing density
compensation schemes of changes in temperature. It is well known that the material properties of the vibrating flow
tube change with temperature and this fact has been accounted for in Coriolis mass flowmeters since their inception
as commercial devices. In particular, prior art Coriolis mass flowmeters compensate for changes in the Young's Modulus
of the flow tube material due to changes in the temperature of the vibrating flow tube during operation of the Coriolis
flowmeter. However, the Aranuchalum compensation scheme is itself affected by changes in temperature thereby
degrading its performance.
[0008] There exists a need for a densimeter having improved performance characteristics. Namely, there exists a
need for a densimeter which is compensated, independent of the density of the material being measured, for the effect
of the mass flow rate of the material flowing through the vibrating tube. Also, there exists a need for a densimeter
providing a density measurement compensation for the mass flow rate effect which is itself compensated for the effect
on the compensation of changes in temperature.
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STATEMENT OF THE SOLUTION

[0009] The above problems are solved and an advance in the art is achieved by the present invention which permits
output data of high accuracy to be obtained from densimeters independent of the mass flow rate of material passing
though them and independent of the temperature of the vibrating flow tube. The present invention provides a vibrating
tube densimeter which delivers a density measurement which is compensated for effects of mass flow rate and tem-
perature thereby improving density measurement performance to previously unattainable levels.
[0010] The basic theory of operation of vibrating tube densimeters is that the natural frequency of vibration of the
vibrating tube or tubes changes with changes in density of the material being measured within the vibrating tube. The
change in the natural frequency of the vibrating tube is tracked and related to the density of the measured fluid. It is
known by researchers in this field that the natural frequency of a vibrating tube is effected by other factors in addition
to changes in the density of the fluid flowing through the vibrating tube. The natural frequency of the vibrating tube
decreases with increases in the mass flow rate of material through the vibrating tube. In addition, changes in temper-
ature effect material properties of the vibrating tube and thus affect the natural frequency and mass flow rate effect or
frequency of the vibrating tube.
[0011] A theoretical model that does consider the effect of mass flow rate of material flow through a vibrating tube
was first applied to a commercial density measurement device in the invention of the Aranachalum patent. The model
is set forth in an equation, known as Housner's Equation, which is a one-dimensional, fluid-elastic equation describing
the undamped, transverse, free vibration of a flow tube containing flowing material as follows:
where

E = Young's modulus of elasticity of the flow tube
I = moment of inertia of the flow tube
ρf = density of the material
ρs = density of the flow tube
Af = cross-sectional area of the flow region
As = cross-sectional area of the flow tube
vo = flow speed
u(x,t) = transverse displacement of the flow tube

[0012] The mixed-partial derivative term is known as the Coriolis term of Housner's Equation. The second-order
partial derivative with respect to the spatial variable (x) term is known as the centrifugal term of Housner's Equation.
This model was used to develop the compensation scheme of the Aranachalum patent and its implementation in com-
mercial densimeters provided an order of magnitude improvement in density measurement performance over densim-
eters existing at the time. However, given the complexity of Housner's Equation, its analytical solutions were limited
to straight-tube densimeter geometries. Those straight-tube results were then extrapolated to curved-tube densimeter
geometries. Although the resulting improvement in density measurement performance for curved-tube densimeter
geometries was significant, the present invention provides further significant advances in densimeter performance by
accounting for characteristics unique to curved-tube densimeter geometries.
[0013] The present invention utilizes new understanding of the theory of operation of a vibrating tube densimeter.
This new understanding is embodied in a more accurate analytical model, as described below, which is used to provide
a compensation which is independent of the density of the material to be measured, unlike the compensation provided
by the Aranachalum patent.
[0014] In the case of a vibrating tube, whether straight or curved, one effect of material flowing through the tube is
to produce forces which act on the tube. These forces are described by the Housner equation and include centrifugal
forces and Coriolis forces. It is the centrifugal forces that are primarily responsible for the decrease in the vibrating
tube's natural frequency with increasing mass flow rate. The Coriolis forces also play a role in causing the mass flow
effect on natural frequency but it is the centrifugal forces that are the primary contributor. The type of these centrifugal
forces is different, however, for straight and curved tubes.
[0015] Both straight and curved vibrating tubes experience what can be called dynamic centrifugal forces. Dynamic
centrifugal forces are the result of the local curvature of the vibrating tube caused by the tube's vibration. A straight
tube densimeter and a curved tube densimeter both operate through the vibration of their respective tubes and in each
case the vibrating tube, whether straight or curved, is subject to the generated dynamic centrifugal forces. The effect
that the dynamic centrifugal forces have on the natural frequency of vibrating tube is dependent on both the mass flow

EI ∂4u

∂x4
--------- + (ρfAf + ρs As) ∂2u

∂ t2
--------- + 2ρfAfvo

∂2u
∂x∂ t
------------ + ρfAfvo

2 ∂2u

∂x2
--------- = C
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rate and the density of the fluid. It is the effect of the dynamic centrifugal force term of Housner's Equation that is
compensated for by the density compensation scheme of the Aranachalum patent.
[0016] In the case of a densimeter, or Coriolis mass flowmeter, employing a curved tube, the bends in the curved
tube introduce another type of centrifugal force, called a steady-state centrifugal force. Steady-state centrifugal forces
are the result of the flowing material changing direction as it flows around the bends in the flow tube or tubes. Tensile
forces are generated in response to the steady-state centrifugal forces. When the relevant components of these tensile
forces are added to Housner's equation it is seen that the steady-state centrifugal forces, as represented by the tensile
force term, exactly cancel the dynamic centrifugal forces. The steady-state centrifugal forces are not present in a
straight-tube densimeter since there are no fixed bends in the tube. Therefore, the dynamic centrifugal forces are not
canceled by the steady-state centrifugal forces in a straight-tube densimeter.
[0017] The following equation represents Housner's equation for a curved tube showing the addition of the relevant
tensile force term.

where

The tensile force term (steady-state centrifugal forces) cancels the dynamic centrifugal force term to result in the fol-
lowing formulation of Housner's equation.
[0018] As noted above, the centrifugal forces, as opposed to the Coriolis forces, are primarily responsible for the
effect on the vibrating tube's natural frequency caused by the mass flow rate of material through the tube. Since, in a
curved-tube densimeter, the dynamic centrifugal forces and the steady-state centrifugal forces cancel one another, as
just demonstrated, densimeters employing curved tubes are far less sensitive to the mass flow rate effect than are
densimeters employing straight tubes because only the Coriolis force affects the density measurement.
[0019] In the compensation scheme of the Aranachalum patent, it is the effect of the dynamic centrifugal force and
Coriolis forces on the vibrating tube that is compensated where the centrifugal forces are the dominant forces. The
compensation provided by Aranachalum necessarily includes a dependency on density. This is because the Aranach-
alum compensation involves measuring the tube frequency, determining the tube period by calculating the reciprocal
of the tube frequency, and multiplying the tube period by a factor which includes the measured volume flow rate. In a
Coriolis densimeter, volume flow rate is determined, in part, using the measured density, therefore the Aranachalum
density compensation includes an inherent dependency on the density of the measured material.
[0020] In the present invention, it is the effect of the Coriolis force on the vibrating tube, since the centrifugal forces
cancel, for which the compensation is provided. The compensation factor provided and utilized by the present invention
does not include a density term as part of the compensation factor. As a result, the density compensation provided by
the present invention is not dependent on the density of the material to be measured. Therefore, applied to a curved
tube densimeter, the present invention provides a density measurement which is not affected by the mass flow rate of
material through the vibrating tube and the compensation itself is not affected by the density of the material being
measured.
[0021] The method and apparatus of the present invention first determines the measured density using the density
measurement calculation as described in the Ruesch patent:

where

Dm is the measured density of the material (g/cm3)
Tm is the measured tube period (s)
K1 is equal to K2Ta

2 - Da
K2 is equal to d/(Tw

2 - Ta
2)

Dw is the density of water at the time of calibration (g/cm3)
Da is the density of air at the time of calibration (g/cm3)
d is Dw - Da (g/cm3)

EI ∂4u

∂x4
--------- + (ρfAf + ρsAs) ∂2u

∂ t2
--------- + 2ρfAfvo

∂2u
∂x∂ t
------------ + ρfAfvo

2 ∂2u

∂x2
--------- - T ∂2u

∂x2
--------- = 0

T = ρ fAfVo
2

Dm = K2Tm
2 (1 - tctm) - K1
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tc is the temperature compensation factor ((% change in T2
m/°C)/100)

Ta is the tube period for air with no flow at the time of calibration, corrected to 0°C (s)
Tw is the tube period for water with no flow at the time of calibration, corrected to 0°C (s)
tm is the measured temperature (°C)

[0022] The measured density (Dm) is then corrected using a compensation factor K3 as follows:

where:

Dm is the measured density (g/cm3)
Dc is the compensated density (g/cm3)
Mm is the measured mass flow rate (g/s)
K3 is equal to

[0023] Dk3 (g/cm3) is the error in the measured density during calibration at mass flow rate Mk3 (g/s). K3 is determined
during the calibration procedure by measuring the error in the density reading at a known mass flow rate. A corrected
density is thus derived from the measured density.
[0024] A further advantage of the present invention is that the compensation scheme just described can be modified
so that the mass flow rate effect compensation for density is itself compensated for the effect of temperature. It has
been determined experimentally and analytically that the density measurement error due to the effect of mass flow
rate also changes with temperature. The present invention provides a compensation for this temperature effect.
[0025] An additional calibration constant, K4, is defined as follows:

where

DK4 is the error in the measured density (Dm) at temperature tK4 and mass flow rate MK4.
K3 is the calibration constant previously defined
tK3 is the temperature at which K3 was determined (°C)
tK4 is the temperature at which K4 was determined (°C)
MK4 is the mass flow rate at which K4 was determined (g/s)

K4 is used to adjust the value of K3 for deviations in operating temperature from the temperature at which K3 was
determined. After determining K3 during the calibration process, as described above, K4 is determined by changing
the temperature of the flowing material and again measuring the density of the flowing material. The change in tem-
perature results in an error in the compensated density measurement and K4 is calculated as just described.
[0026] The calibration constant K4 is used in operation of the present invention to adjust the value of K3 as follows:

Where:

Dm is the measured density (g/cc)
Dc is the corrected density (g/cc)
Mm is the measured mass flow rate (g/s)
tm is the measured temperature (°C)
tk3 is the temperature at which K3 was calculated (°C)
K3 and K4 as previously defined

Dc = Dm -K3 (Mm)2

Dk3/ (Mk3
2 )

K4 = [Dk4/(K3 3 Mk4
2 ) - 1]/(tk4-tk3)

Dc = Dm -K3 (1 + K4 (tm - tk3)) (Mm)2
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K4 thus operates to linearize the effect of temperature on the K3 compensation factor.
[0027] In accordance with the present invention, the output of the sensor apparatus connected to or associated with
a vibrating flow tube (or tubes) is connected to signal processing circuitry which generates data indicating the measured
density of the material flowing through the vibrating tube. The signal processing circuitry takes into account the fact
that the measured density does not remain constant with changes in the mass flow rate of the material to be measured
and/or the temperature of the vibrating tube. In so doing, the signal processing circuitry corrects the measured density
and produces an output specifying a corrected density which is independent of the mass flow rate of the material whose
density is measured. The mass flow rate compensation factor is itself compensated for changes in temperature of the
vibrating tube. The methods of the present invention are optimally applied to curved-tube densimeters but can also be
applied to straight-tube densimeters.

BRIEF DESCRIPTION OF THE DRAWING

[0028]

Figure 1 discloses one possible exemplary embodiment of the invention;
Figure 2 discloses further details of the meter electronics 20 of Figure 1;
Figure 3 is a graph illustrating the measured density error/mass flow rate relationship of a vibrating tube densimeter;
Figure 4 is a flow chart describing the operation of the meter electronics 20 and its processing circuitry 210 as it
measures the density and corrects the measured density for the effect on the density measurement by mass flow
rate.
Figure 5 is a graph illustrating the effect of mass flow rate at various temperatures on the measured density.
Figure 6 is a flow chart describing the operation of the meter electronics 20 and its processing circuitry 210 as it
measures the density and corrects the measured density for the effect on the density measurement by mass flow
rate taking into account the temperature dependence of the effect.
Figure 7 is a graph illustrating the improvement in density measurement performance with the present invention.

DETAILED DESCRIPTION

[0029] One possible preferred exemplary embodiment is illustrated in Figures 1 through 7. It is to be expressly un-
derstood that the present invention is not to be limited to this exemplary embodiment. Other embodiments and modi-
fications are considered to be within the scope of the claimed inventive concept. The present invention can be practiced
with other types of meters than the described meter. Successful implementation of the present invention is not depend-
ent on any meter geometry although optional implementation is obtained in curved tube densimeters.

Description of General System (Fig. 1)

[0030] Figure 1 shows a Coriolis densimeter 5 comprising a Coriolis meter assembly 10 and meter electronics 20.
Meter assembly 10 responds to mass flow rate and density of a process material. Meter electronics 20 is connected
to meter assembly 10 via leads 100 to provide density, mass flow rate, and temperature information over path 26, as
well as other information not relevant to the present invention. A Coriolis flowmeter structure is described although it
is apparent to those skilled in the art that the present invention could be practiced as a vibrating tube densimeter without
the additional measurement capability provided by a Coriolis mass flowmeter.
[0031] A Coriolis densimeter is convenient and preferred because it inherently provides the mass flow rate information
necessary, as described below, for operation of the present invention. If a non-Coriolis, vibrating tube densimeter is
used, the mass flow rate information needs to be input from a separate source of that information.
[0032] Meter assembly 10 includes a pair of manifolds 150 and 150', flanges 103 and 103' having flange necks 110
and 110', a pair of parallel flow tubes 130 and 130', drive mechanism 180, temperature sensor 190, and a pair of velocity
sensors 170L and 170R. Flow tubes 130 and 130' have two essentially straight inlet legs 131 and 131' and outlet legs
134 and 134' which converge towards each other at flow tube mounting blocks 120 and 120'. Flow tubes 130 and 130'
bend at two symmetrical locations along their length and are essentially parallel throughout their length. Brace bars
140 and 140' serve to define the axis W and W' about which each flow tube oscillates.
[0033] The side legs 131, 131' and 134, 134' of flow tubes 130 and 130' are fixedly attached to flow tube mounting
blocks 120 and 120' and these blocks, in turn, are fixedly attached to manifolds 150 and 150'. This provides a continuous
closed material path through Coriolis meter assembly 10.
[0034] When flanges 103 and 103', having holes 102 and 102' are connected, via inlet end 104 and outlet end 104'
into a flow tube system (not shown) which carries the process material that is being measured, material enters end
104 of the meter through an orifice 101 in flange 103 is conducted through manifold 150 to flow tube mounting block
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120 having a surface 121. Within manifold 150 the material is divided and routed through flow tubes 130 and 130'.
Upon exiting flow tubes 130 and 130', the process material is recombined in a single stream within manifold 150 ' and
is thereafter routed to exit end 104' connected by flange 103' having bolt holes 102' to the flow tube system (not shown).
[0035] Flow tubes 130 and 130' are selected and appropriately mounted to the flow tube mounting blocks 120 and
120' so as to have substantially the same mass distribution, moments of inertia and Young's moduli about bending
axes W-W and W'-W', respectively. These bending axes go through brace bars 140 and 140'. Inasmuch as the Young's
moduli of the flow tubes change with temperature, and this change affects the calculation of flow and density, resistive
temperature detector (RTD) 190 (typically a platinum RTD device) is mounted to flow tube 130', to continuously measure
the temperature of the flow tube. The temperature of the flow tube and hence the voltage appearing across the RTD
for a given current passing therethrough is governed by the temperature of the material passing through the flow tube.
The temperature dependent voltage appearing across the RTD is used in a well known method by meter electronics
20 to compensate for the change in elastic modulus of flow tubes 130 and 130' due to any changes in flow tube
temperature. The tube temperature is also used, according to the present invention, to compensate the mass flow rate
density compensation for changes in the temperature of the vibrating tube. The RTD is connected to meter electronics
20 by lead 195.
[0036] Both flow tubes 130 and 130' are driven by driver 180 in opposite directions about their respective bending
axes W and W' and at what is termed the first out-of-phase natural frequency of the flowmeter. Both flow tubes 130
and 130' vibrate as the tines of a tuning fork. This drive mechanism 180 may comprise any one of many well known
arrangements, such as a magnet mounted to flow tube 130' and an opposing coil mounted to flow tube 130 and through
which an alternating current is passed for vibrating both flow tubes. A suitable drive signal is applied by meter electronics
20, via lead 185, to drive mechanism 180.
[0037] Meter electronics 20 receives the RTD temperature signal on lead 195, and the left and right velocity signals
appearing on leads 165L and 165R, respectively. Meter electronics 20 produces the drive signal appearing on lead 185
to drive element 180 and vibrate tubes 130 and 130'. Meter electronics 20 processes the left and right velocity signals
and the RTD signal to compute the mass flow rate and the density of the material passing through meter assembly 10.
This information, along with other information, is applied by meter electronics 20 over path 26 to utilization means 29.
In determining the density, electronics 20 corrects the measured density of the material passing through tubes 130
and 130' in the manner taught by the present invention.

Description of Meter Electronics (Fig. 2)

[0038] A block diagram of meter electronics 20 is shown in Figure 2 as comprising mass flow measurement circuit
201, flow tube drive circuit 202, density measurement processing circuitry 210, and RTD input circuit 203.
[0039] Flow tube drive circuit 202 provides a repetitive alternating or pulsed drive signal via lead 185 to drive mech-
anism 180. Drive circuit 202 synchronizes the drive signal to the left velocity signal on lead 165L and maintains both
flow tubes 130 and 130' in opposing sinusoidal vibratory motion at their fundamental natural frequency. This frequency
is governed by a number of factors, including characteristics of the tubes and the density and mass flow rate of the
material flowing therethrough. Since circuit 202 is known in the art and its specific implementation does not form any
part of the present invention, it is not discussed herein in further detail. The reader is illustratively referred to United
States patents 5,009,109 (issued to P. Kalotay et al. on April 23, 1991); 4,934,196 (issued to P. Romano on June 19,
1990) and 4,876,879 (issued to J. Ruesch on October 31, 1989) for a further description of different embodiments for
the flow tube drive circuit.
[0040] The signals generated by sensors 170L and 170R can be processed in meter electronics 20, and in particular
in mass flow measurement circuit 201, by any one of a number of well known methods to compute the mass flow rate
of the material passing through the meter. One method of these approaches is depicted in Figure 2. Mass flow meas-
urement circuit 201 contains two separate input channels: left channel 220 and right channel 230. Each channel con-
tains an integrator and two level crossing detectors. Within both channels, the left and right velocity signals from left
and right pick-offs 170L and 170R are applied to respective integrators 221 and 231, each of which effectively forms
a low pass filter. The outputs of integrators 221 and 231 are applied to level crossing detectors (effectively comparators)
222 and 232, which generate level change signals whenever the corresponding integrated velocity signal exceeds a
voltage window defined by a small predefined positive and negative voltage level, e.g. ±2.5V. The outputs of level
crossing detectors 222 and 232 are fed as control signals to counter 204 to measure a timing interval, in terms of clock
pulse counts, that occurs between corresponding changes in these outputs. This interval is representative of the phase
difference between the signal generated by left pick-off 170L and the signal generated by right pick-off 170R. The
phase difference between these two signals is proportional to the mass flow rate of material flowing through tubes 130
and 130'. This value representative of phase difference, in counts, is applied as input data over path 205 to processing
circuitry 210.
[0041] The computation of the mass flow rate and volume flow rate of the material passing through the tubes 130
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and 130 ' can be accomplished by any of several known methods. These additional approaches to the calculation of
mass flow rate are known by those skilled in the art and the reader is therefore illustratively referred to the following
patents for a further description of the mass flow computation: U.S. Patent Re 31,450 issued to Smith on February 11,
1982; U.S. Patent 5,231,884 issued to Zolock on August 3, 1993 and U.S. Patent 4,914,956 issued to Young, et al.,
on April 10, 1990.
[0042] The natural frequency of vibration of flow tubes 130 and 130' is measured by monitoring the signal from one
of the pick-offs. The signal from right pick-off 170R is fed over path 206 to processing circuitry 210. Processing circuitry
210 is operable to count the frequency output from right pick-off 170R to determine the frequency of vibration of vibrating
tubes 130 and 130 '.
[0043] Temperature element RTD 190 is connected by path 195 to RTD input circuit 203 which supplies a constant
current to the RTD element 190, linearizes the voltage that appears across the RTD element and converts this voltage
using a voltage to frequency converter (not shown) into a stream of pulses that has a scaled frequency which varies
proportionally with any changes in RTD voltage. The resulting pulse stream produced by circuit 203 is applied over
path 209 as an input to processing circuit 210.
[0044] Density measurement processing circuitry 210 on Figure 2 includes microprocessor 211 and memory ele-
ments including a ROM memory 212 and a RAM memory 213. ROM 212 stores permanent information that is used
by microprocessor 211 in performing its functions while RAM memory 213 stores temporary information used by mi-
croprocessor 211. The microprocessor together with its ROM and RAM memories and bus system 214 control the
overall functions of the processing circuitry 210 so that it can receive input signals, as described herein, and process
them in the manner required to apply, over path 26 to utilization means 29, the various items of data the Coriolis effect
densimeter of the present invention generates. Processing circuitry 210 periodically updates the information available
at utilization means 29. The information applied to utilization means 29 over path 26 includes mass flow rate, volume
flow rate and density information. Utilization means 29 may either comprise a meter for a visual display of the generated
density information or, alternatively, may comprise a process control system that is controlled by the density signal on
path 26.
[0045] Processing circuitry 210, including microprocessor 211 together with memory elements 212 and 213, operate
in accordance with the present invention to provide highly accurate density information. As subsequently described in
detail in connection with the flow charts of Figures 4 and 5, this highly accurate density information is derived by the
steps of measuring the natural frequency of the vibrating tubes from the signals provided by the velocity sensors 170L
and 170R, calculating the measured density according to a known formulation and correcting this measured density
to compensate for the fact that the measured density changes with changes in the mass flow rate of material flowing
through tubes 130 and 130 ' and with changes in the temperature of tubes 130 and 130 '. This density output data is
of far greater accuracy than would be the case if the measured density was not corrected or if the natural frequency
was corrected rather than the density.

Mass Flow Rate Effect on Density Measurement (Fig. 3)

[0046] As noted above, the natural frequency of an oscillating tube decreases as the mass flow rate of the material
flowing through the tube increases. This effect directly impacts the measured density as the basic density measurement
depends on the relationship between tube frequency and density.
[0047] Figure 3 demonstrates the impact of mass flow rate on the accuracy of the density measurement. The vertical
axis of Figure 3 corresponds to the density error, represented in .001g/cm3. The horizontal axis is labeled in pounds
per minute (Ibs/min) of mass flow rate. Lines 301 and 302 are representative of the mass flow rate effect for a straight-
tube densimeter geometry. Line 301 is representative of the error in density measurement over a range of mass flow
rates for a flowing material having density of 1.194 specific gravity units (SGU). Line 302 is representative of the error
in density measurement over a range of mass flow rates for a flowing material having a density of 0.994 SGU. In both
cases, the physical vibrating structure is the same. It is only the flowing material within the vibrating tubes that is
different. Figure 3 demonstrates that the density measurement is dependant on the mass flow rate of the material
flowing through the tube. Lines 301 and 302 demonstrate that, for a straight-tube densimeter, the dependance on mass
flow rate is different for materials of different densities. Lines 303 and 304 are representative of the mass flow rate
effect on density for a curved-tube densimeter having a similar flow capacity to the straight-tube densimeter used to
generate the data of lines 301 and 302. As noted above, the resonant frequency of a curved-tube densimeter is less
sensitive to the mass flow rate effect than is a straight-tube densimeter and this is illustrated in FIG. 3. Line 303 rep-
resents data for the same fluid as line 301 (1.194SGU) and line 304 represents data for the same fluid as line 302
(0.994SGU). As is evident in FIG. 3, the data of line 303 is indistinguishable from the data of line 304 illustrating the
fact that, in a curved-tube densimeter, the error in density reading due to mass flow rate does not change for fluids of
different densities.
[0048] The effect on the density measurement by the temperature of the vibrating tube is not depicted in Figure 3.
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Figure 6 discussed below demonstrates the combined effects of mass flow rate and temperature.

Description of Density Correction (Fig. 4)

[0049] Figure 4 describes in flow chart form how microprocessor 211 and memories 212 and 213 operate in computing
a density which is compensated for the effect of mass flow rate on the measured density. A further embodiment of the
present invention which additionally compensates for the effect of temperature on the density compensation is dis-
cussed below with respect to Figures 5 and 6.
[0050] During processing step 401 the density measurement process begins with microprocessor 211 receiving input
and setup information over system bus 214 from ROM 212, RAM 213 and the inputs to processing circuitry 210 already
described. The signals received by microprocessor 211 during this period are the signal representing the frequency of
vibration of the flow tubes (FREQ), the temperature signal (RTD), and the measured mass flow rate signal (Mm). Also
applied to microprocessor 211 during processing step 401 are the constants used by microprocessor 211 in determining
the density. These constants, K1, K2, K3 and tcare stored in ROM 212 and RAM 213 at the time mass flow sensor 10
and meter electronics 20 are calibrated.
[0051] Calibration constants K1 and K2 are calculated by determining the period of vibration of the vibrating tube or
tubes for two different materials having known densities. The calibration constant K3 is determined by calculating the
error in the measured density at a known mass flow rate. This can be done using one of the materials used to determine
calibration constants K1 and K2 or a different material can be used. As noted above, K1, K2, and K3 are calculated and
stored in memory elements 212 and 213 at the time the densimeter is calibrated.
[0052] Calibration constant tc is related to the Young's modulus of the material of construction of the vibrating tubes.
It is known that Young's modulus, which is representative of the stiffness of the tube, changes with temperature. A
change in the stiffness of the vibrating tube results in a change in the natural frequency of the vibrating tube. Calibration
constant tc is used, as described below, to compensate for the change in stiffness of the vibrating tube.
[0053] During step 402 microprocessor 211 uses the FREQ signal to determine the frequency of vibration of the
vibrating tube. Microprocessor 211 also determines the measured tube period (Tm) by calculating the reciprocal of the
frequency of vibration.
[0054] During step 403 microprocessor 411 calculates the measured density (Dm) according to the formula:

where

Dm is the measured density of the material (g/cm3)
Tm is the measured tube period (s)
K1 is equal to K2Ta

2 - Da
K2 is equal to d/(Tw

2 - Ta
2)

Dw is the density of water at the time of calibration (g/cm3)
Da is the density of air at the time of calibration (g/cm3)
d is Dw - Da (g/cm3)
tc is the temperature compensation factor (% change in T2

m/°C)/100)
Ta is the tube period for air with no flow at the time of calibration, corrected to 0°C (s)
Tw is the tube period for water with no flow at the time of calibration, corrected to 0°C (s)
tm is the measured temperature (°C)

[0055] This calculation of measured density, as well as constants K1, K2, and tc, is the same as that practiced in prior
art densimeters such as described by Ruesch.
[0056] During step 404 the measured density (Dm) is compensated for the effect of mass flow rate to determine a
compensated density (Dc). The compensated density (Dc) is calculated as follows:

where:

Dm is the measured density (g/cm3)
Dc is the compensated density (g/cm3)

Dm = K2 Tm
2 (1 - tctm) -K1

Dc = Dm - K3 (Mm)2
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Mm is the measured mass flow rate (g)
K3 is equal to

[0057] Dk3 is the error in the measured density during calibration at a mass flow rate Mk3 (g/cm3).
[0058] During step 405 the compensated density information (Dc) is applied to utilization means 29 where it is dis-
played, recorded, or otherwise utilized in a process control system.

Combined Mass Flow Rate and Temperature Effect on Density Measurement (Fig. 5)

[0059] In a further embodiment of the present invention, the compensation factor K3 is itself compensated for the
effect of the temperature of the tube on the mass flow rate induced density error. Due to the change in Young's Modulus,
the mass flow rate will have a slightly different effect on the density measurement at different temperatures of the
vibrating tube. This effect is depicted in Figure 5 where line 501 represents the mass flow rate induced density error
in a given densimeter at 30°C and line 502 represents the mass flow rate induced error in the same densimeter at
100°C. A calibration constant, K4, is developed to compensate for this effect.
K4 is calculated as follows:

where

DK4 is the error in the density reading at temperature tK4 and mass flow rate MK4. (g/cc)
K3 is the calibration constant previously defined
tK3 is the temperature at which K3 was determined (°C)
tK4 is the temperature at which K4 was determined (°C)
MK4 is the mass flow rate at which K4 was determined (g/s)

[0060] K4 is determined during the calibration process in the following manner. After K3 is calculated, material is
again passed through the densimeter at a known mass flow rate but this time at a different temperature from the
temperature at which K3 was calculated. The density error at this different operating temperature is used as follows to
determine K4. Calibration constant K4 is used, as described below, to compensate calibration constant K3 for the effect
of temperature on the mass flow rate effect compensation.

Description of Density Correction for Mass Flow Rate Including Temperature Compensation (Fig. 6)

[0061] The present invention operates to correct the measured density for the temperature effect on the mass flow
rate induced density error in much the same way as was described with respect to Figure 4. Therefore, the description
of Figure 6 is simplified by describing in detail only those steps that differ from the process described with respect to
Figure 4.
[0062] In processing step 601 microprocessor 211 receives all the signals and information described with respect to
step 401 of Figure 4 and in addition receives calibration constant K4 and tk3.
[0063] In step 602 microprocessor 211 determines the frequency and period of vibration of the vibrating tube as in
step 402 of Figure 4.
[0064] In step 603 microprocessor 211 calculates the measured density (Dm) as in step 403 of Figure 4.
[0065] In step 604 microprocessor 211 calculates the compensated density (Dc) according to the following:

where

Dm is the measured density (g/cc)
Dc is the corrected density (g/cc)
Mm is the measured mass flow rate (g/s)

Dk3/Mk3
2

K4 = [Dk4/(K3 3 Mk4
2 ) -1]/(tk4 - tk3)

Dc = Dm - K3 (1+K4 (tm - tk3
)) (Mm)2
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tm is the measured temperature (°C)
tk3 is the temperature at which K3 was calculated (°C)
K3 and K4 as previously defined

[0066] During step 605 the compensated density information is supplied to utilization means 29 and displayed or
used in the same fashion as described with respect to Figure 4.
[0067] The temperature compensation of K3 provided by K4 is linear. The actual dependence of the density error
due to mass flow rate on temperature is not simply a linear relationship. It is apparent to those skilled in the art that
different compensation factors can be included in K4 to differently characterize the relationship between the density
measurement caused by mass flow rate and temperature.

Density Measurement Improvement of the Present Invention (Fig. 7)

[0068] Figure 7 is representative of the improvement in density measurement performance attained with the present
invention. The data which make up curves 701-704 are generated from the analytical models discussed above. Curve
701 is representative of the uncorrected error in density measurement. Curve 702 is representative of the error in
density measurement utilizing the present invention when the density measurement is made at the same temperature
at which the density calibration was performed. Curve 703 is representative of the error in density measurement utilizing
only the mass flow rate compensation without the compensation on the mass flow rate compensation for the effect of
temperature. The temperature difference, represented by curve 703, between the calibration temperature and the
measurement temperature, is 50 °C. Curve 704 is representative of the error in density measurement utilizing both
the mass flow rate and the temperature compensation portions of the present invention when the measurement tem-
perature is different than that at which the calibration was performed. The temperature difference represented by the
data making up curve 704 is the same temperature difference represented by the data making up curve 703.
[0069] The advantages of the present invention to the field of density measurement are clear. It is to be expressly
understood that the claimed invention is not to be limited to the description of the preferred embodiments but encom-
passes other modifications and alterations within the scope and spirit of the inventive concept.
[0070] Further, the material whose density is determined by the method and apparatus of the present invention may
include a liquid, a gas, a mixture thereof, as well as any substance that flows such as slurries of different types. The
mass flow rate of the flowing material may be generated by the apparatus comprising the densimeter or, alternatively,
can be generated by separate apparatus and applied to the densimeter of the present invention. Likewise, the tem-
perature information utilized by the methods of the present invention can be obtained from a temperature sensor that
is part of the densimeter, as described herein, or alternatively can be supplied from some other temperature sensing
device.

Claims

1. A method of operating apparatus (5) for ascertaining the density of material flowing through a flowmeter (10) having
vibrating tube means (131, 131') wherein a measured density of said flowing material changes as a flow rate of
said flowing material through said vibrating tube means (131, 131') changes, said method comprising the steps of:

measuring the period of vibration (FREQ, 402, Tm) of said vibrating tube means as said material flows there-
through,
generating (403) a measured density value Dm for said flowing material in response to said measurement of
said vibration period Tm,
receiving (401) a mass flow rate value Mm representative of said mass flow rate of said flowing material through
said vibrating tube (131, 131'),

characterized by:

generating (401) a flow rate effect factor k3 defining the sensitivity of said measured density to changes in
said mass flow rate of said flowing material;
multiplying (404) said flow rate effect factor k3 by said measured mass flow rate Mm to determine a mass flow
rate induced density error value k3 (Mm)2; and
reducing (404) said measured density value by an amount substantially equal to said mass flow rate induced
density error value k3 (Mm)2 to determine said corrected density value Dc; and
transmitting (405) said corrected density value to an output device (29).
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2. The method of claim 1 wherein said step of generating (401) said flow rate effect factor (k3) comprises the steps of:

measuring a difference between a first calibration density of said flowing material measured at a first calibration
mass flow rate and a second calibration density of said flowing material measured at a second calibration
mass flow rate,
determining, responsive to said measured density difference, said mass flow rate effect factor; and
storing said mass flow rate effect factor in a memory.

3. The method of claim 2 wherein said flow rate effect factor (k3) is determined by solving the expression

where:

K3 is said flow rate calibration constant,
D1 is a first measured density at a first mass flow rate (M1) of said flowing material,
D2 is a second measured density (D2) at a second mass flow rate (M2) of said flowing material.

4. The method of claim 1 wherein said corrected density value (Dc) is determined by solving (404) the expression:

where

DC is the corrected density,
DM is the measured density,
K3 is said flow rate calibration constant,
MM is said measured flow rate.

5. A method according to claim 1 wherein said step of generating a measured density value (Dm) includes:
calculating (403), responsive to said measured period of vibration, said measured density value wherein said

measured density value is linearly related to the square of said measured period of vibration.

6. The method of claim 5 where said measured density (DM) is determined by solving (403) the expression:

where

Dm is the measured density of the material (g/cm3)
Tm is the measured tube period (s)
K1 is equal to K2Ta

2 - Da
K2 is equal to d/(Tw

2 - Ta
2)

Dw is the density of water at the time of calibration (g/cm3)
Da is the density of air at the time of calibration (g/cm3)
d is Dw - Da (g/cm3)
tc is the temperature compensation factor ((% change in T2

m/°C)/100)
Ta is the tube period for air with no flow at the time of calibration, corrected to 0°C (s)
Tw is the tube period for water with no flow at the time of calibration, corrected to 0°C (s)
tm is the measured temperature (°C)

7. A method according to claim 1, wherein said step of calculating (604) a corrected density value includes the steps of:

retrieving (604) a flow rate effect factor for said flowmeter from a memory, wherein said flow rate effect factor
defines a sensitivity of said measured density with respect to said mass flow rate of said flowing material,

K3=(D1-D2)/(M1-M2)2

DC=DM - K3(MM)2

Dm = K2 Tm
2 (1-tc tm) - K1
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receiving (601, 604) a temperature value wherein said temperature value is representative of the temperature
of said flowing material,
adjusting (604), responsive to said temperature value, said flow rate effect factor; and
applying (604) said temperature adjusted flow rate effect factor to said measured density to determine said
corrected density.

8. A method according to claim 7 wherein said step of adjusting (604) said flow rate effect factor includes:

retrieving (601) a temperature compensation factor from a second memory wherein said temperature com-
pensation factor defines a sensitivity of said flow rate effect factor with respect to changes in temperature of
said flowing material; and
applying (604) said temperature compensation factor to said flow rate effect factor to adjust said flow rate
effect factor for the effect of a change in temperature of said flowing material.

9. A method according to claim 8 wherein said temperature compensation factor is determined (601) by solving the
expression:

where

DK4 is the error in the measured density (Dm) at temperature tK4 and mass flow rate MK4.
K3 is the calibration constant previously defined
tK3 is the temperature at which K3 was determined (°C)
tK4 is the temperature at which K4 was determined (°C)
MK4 is the mass flow rate at which K4 was determined (g/s)

10. A method according to claim 9 wherein said step of applying (604) said temperature adjusted flow rate effect factor
to said measured density and said measured mass flow rate includes solving the expression:

Where:

Dm is the measured density (g/cc)
Dc is the corrected density (g/cc)
Mm is the measured mass flow rate (g/s)
tm is the measured temperature (°C)
tk3 is the temperature at which K3 was calculated (°C)
K3 and K4 as previously defined

11. An apparatus (20) for ascertaining the density of material flowing through a flowmeter (10) having vibrating tube
means (131, 131') wherein a measured density of said flowing material changes as a flow rate of said flowing
material through said vibrating tube means changes, said apparatus comprising:

means for measuring (170R, 206, 210) the period of vibration Tm of said vibrating tube means (131, 131') as
said material flows therethrough,
means for generating (210) a measured density value Dm for said flowing material in response to said meas-
urement of said vibration period Tm,
means for receiving (170L, 170R, 201, 210) a mass flow rate value Mm representative of said mass flow rate
Mm of said flowing material through said vibrating tube (131, 131'),

characterized by:

means for generating (210) a flow rate effect factor k3 defining the sensitivity of said measured density to
changes in said mass flow rate of said flowing material;

K4 = [Dk4/(K3 3 Mk4
2 ) -1]/(tk4 - tk3)

Dc = Dm - K3 (1 + K4 (tm - tk3)) (Mm)2
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means for multiplying (210) said flow rate effect factor k3 by said measured mass flow rate Mm to determine
a mass flow rate induced density error value k3 (Mm)2;
means for reducing (210) said measured density value by an amount substantially equal to said mass flow
rate induced density error value k3 (Mm)2 to determine said corrected density value Dc; and
means for transmitting (210, 26) said corrected density value to an output device (29).

12. The apparatus of claim 11 wherein said flow rate effect factor is determined by solving the expression

where:

K3 is said flow rate calibration constant,
D1 is a first measured density at a first mass flow rate (M1) of said flowing material,
D2 is a second measured density (D2) at a second mass flow rate (M2) of said flowing material.

13. The apparatus of claim 11 wherein said corrected density value is determined by solving the expression:

where

DC is the corrected density,
DM is the measured density,
K3 is said flow rate calibration constant,
MM is said measured flow rate.

14. The apparatus according to claim 11 wherein said means for generating a measured density value includes:
means (40) for calculating, responsive to said measured period of vibration, said measured density value

wherein said measured density value is linearly related to the square of said measured period of vibration.

15. The apparatus of claim 14 where said measured density (DM) is determined by solving the expression:

where

Dm is the measured density of the material (g/cm3)
Tm is the measured tube period (s)
K1 is equal to K2Ta

2 - Da
K2 is equal to d/(Tw

2 - Ta
2)

Dw is the density of water at the time of calibration (g/cm3)
Da is the density of air at the time of calibration (g/cm3)
d is Dw - Da (g/cm3)
tc is the temperature compensation factor ((% change in T2

m/°C)/100)
Ta is the tube period for air with no flow at the time of calibration, corrected to 0°C (s)
Tw is the tube period for water with no flow at the time of calibration, corrected to 0°C (s)
tm is the measured temperature (°C)

16. The apparatus according to claim 11, wherein said means for calculating a corrected density value includes:

means for retrieving (210, 211, 214) a flow rate effect factor for said flowmeter from a memory (212), wherein
said flow rate effect factor defines a sensitivity of said measured density with respect to said mass flow rate
of said flowing material,
means for receiving (190, 203) a temperature value wherein said temperature value is representative of the

K3=(D1-D2)/(M1-M2)2

DC=DM - K3(MM)2

Dm=K2Tm
2 (1 - tc tm) - K1
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temperature of said flowing material,
means for adjusting (210), responsive to said temperature value, said flow rate effect factor; and
means for applying (210) said temperature adjusted flow rate effect factor to said measured density to deter-
mine said corrected density.

17. An apparatus according to claim 16 wherein said means for adjusting said flow rate effect factor includes:

means for retrieving (211, 214) a temperature compensation factor from a second memory (212) wherein said
temperature compensation factor defines a sensitivity of said flow rate effect factor with respect to changes
in temperature of said flowing material; and
means for applying (210) said temperature compensation factor to said flow rate effect factor to adjust said
flow rate effect factor for the effect of a change in temperature of said flowing material.

18. An apparatus according to claim 17 wherein said temperature compensation factor is determined by solving the
expression:

where

DK4 is the error in the measured density (Dm) at temperature tK4 and mass flow rate MK4.
K3 is the calibration constant previously defined
tK3 is the temperature at which K3 was determined (°C)
tK4 is the temperature at which K4 was determined (°C)
MK4 is the mass flow rate at which K4 was determined (g/s)

19. An apparatus according to claim 18 wherein said means for applying said temperature adjusted flow rate effect
factor to said measured density and said measured mass flow rate includes solving the expression:

Where:

Dm is the measured density (g/cc)
Dc is the corrected density (g/cc)
Mm is the measured mass flow rate (g/s)
tm is the measured temperature (°C)
tk3 is the temperature at which K3 was calculated (°C)
K3 and K4 as previously defined

Patentansprüche

1. Verfahren zum Bedienen einer Vorrichtung (5) zum Gewinnen der Dichte eines Materials, das durch einen Dich-
temesser (10) fließt, der schwingende Rohrmittel (131, 131') aufweist, wobei sich eine gemessene Dichte des
fließenden Materials ändert, wenn sich der Durchsatz des fließenden Materials durch das schwingende Rohrmittel
(131, 131') ändert, wobei das Verfahren die Schritte umfasst:

Messen der Schwingungsperiode (FREQ, 402, Tm) des schwingenden Rohrmittels, wenn das Material durch
es hindurchfließt,

Erzeugen (403) eines gemessenen Dichtewerts Dm für das fließende Material in Antwort auf die Messung der
Schwingungsperiode Tm,

Erhalten (401) eines Massendurchsatzwerts Mm, der für den Massendurchsatz des fließenden Materials durch
das schwingende Rohr (131, 131') repräsentativ ist,

K4 = [Dk4/(K3 3 Mk4
2 ) - 1]/(tk4 - tk3)

Dc = Dm - K3 (1 + K4 (tm - tk3)) (Mm)2
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gekennzeichnet durch

Erzeugen (404) eines Durchsatzeffektfaktors k3, der die Empfindlichkeit der gemessenen Dichte in Bezug auf
Änderungen des Massendurchsatzes des fließenden Materials definiert;

Multiplizieren (404) des Massendurchsatzeffektfaktors k3 mit dem gemessenen Massendurchsatz Mm, um
einen durch den Massendurchsatz hervorgerufenen Dichtefehlerwert k3 (Mm)2 zu bestimmen; und

Verringern (404) des gemessenen Dichtewerts um eine Größe, die im Wesentlichen gleich dem durch den
Massendurchsatz hervorgerufenen Dichtefehlerwert k3 (Mm)2 ist, um den korrigierten Dichtewert Dc zu be-
stimmen; und

Übertragen (405) des korrigierten Dichtewerts zu einer Ausgabeeinrichtung (29).

2. Verfahren nach Anspruch 1, wobei der Schritt zur Erzeugung (401) des Massendurchsatzeffektfaktors (k3) die
Schritte umfasst:

Messen einer Differenz zwischen einer ersten Kalibrierungsdichte des fließenden Materials, die bei einem
ersten Kalibrierungsmassendurchsatz gemessen wird, und einer zweiten Kalibrierungsdichte des fließenden
Materials, das bei einem zweiten Kalibrierungsmassendurchsatz gemessen wird,

Bestimmen des Massendurchsatzeffektfaktors in Antwort auf die gemessene Dichtedifferenz; und

Speichern des Massendurchsatzeffektfaktors im einem Speicher.

3. Verfahren nach Anspruch 2, wobei der Massendurchsatzeffektfaktor (k3) durch Lösen des Ausdrucks bestimmt wird

mit

K3 der Durchsatzkalibrierungskonstanten

D1 einer ersten, gemessenen Dichte bei einem ersten Massendurchsatz (M1) des fließenden Materials,

D2 einer zweiten, gemessenen Dichte (D2) bei einem zweiten Massendurchsatz (M2) des fließenden Materials.

4. Verfahren nach Anspruch 1, bei dem der korrigierte Dichtewert (DC) durch Lösen (404) des Ausdrucks bestimmt
wird:

Mit

Dc der korrigierten Dichte (g/cm3)
Dm der gemessenen Dichte (g/cm3)
K3 Durchsatzkalibrierungskonstanten
MM dem gemessenen Durchsatz (g/s)

5. Verfahren gemäß Anspruch 1, bei dem der Schritt zur Erzeugung eines gemessenen Dichtewerts (Dm) umfasst:.
Berechnen (403) des gemessenen Dichtewerts in Antwort auf die gemessene Schwingungsperiode, wobei der
gemessene Dichtewert mit dem Quadrat der gemessenen Schwingungsperiode in linearer Beziehung steht.

6. Verfahren nach Anspruch 5, bei dem die gemessene Dichte (DM) durch Lösen (403) des Ausdrucks bestimmt wird:

K3=(D1-D2)/(M1-M2)2

DC=DM-K3(MM)2
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mit

Dm der gemessenen Materialdichte (g/cm3)
Tm der gemessenen Rohrperiode (s)
K1 gleich K2Ta

2-Da
K2 gleich d/(Tw

2-Ta
2)

Dw der Wasserdichte zum Zeitpunkt der Kalibrierung (g/cm3)
Da der Luftdichte zum Zeitpunkt der Kalibrierung (g/cm3)
d gleich Dw-Da(g/cm3)
tc den Temperaturausgleichsfaktor ((% Änderung von T2

m/°C)/100)
Ta der Rohrperiode für Luft ohne Durchfluss zum Zeitpunkt der Kalibrierung, auf 0°C(s) korrigiert
Tw der Rohrperiode für Wasser ohne Durchfluss zum Zeitpunkt der Kalibrierung, auf 0°C(s) korrigiert
tm der gemessenen Temperatur (°C)

7. Verfahren nach Anspruch 1, wobei der Schritt zur Berechnung (604) eines korrigierten Dichtewerts die Schritte
umfasst:

Wiedergewinnen (604) eines Durchsatzeffektfaktors für den Strömungsmesser aus einem Speicher, wobei
der Durchsatzeffektfaktor eine Empfindlichkeit der gemessenen Dichte in Bezug auf den Massendurchsatz
des fließenden Materials definiert,

Erhalten (601, 604) eines Temperaturwerts, wobei der Temperaturwert für die Temperatur des fließenden Ma-
terials repräsentativ ist,

Einstellen (604) des Durchsatzeffektfaktors in Antwort auf den Temperaturwert; und

Anwenden (604) des auf die Temperatur eingestellten Massendurchsatzeffektfaktors auf die gemessene Dich-
te, um die korrigierte Dichte zu bestimmen.

8. Verfahren nach Anspruch 7, wobei der Schritt zum Einstellen (604) des Durchsatzeffektfaktors umfasst:

Wiedergewinnen (601) eines Temperaturausgleichsfaktors aus einem zweiten Speicher, wobei der Tempera-
turausgleichsfaktor eine Empfindlichkeit des Massendurchsatzeffektfaktors in Bezug auf Temperaturänderung
des fließenden Materials definiert; und

Anwenden (604) des Temperaturausgleichsfaktors auf den Durchsatzeffektfaktor, um den Durchsatzeffektfak-
tor in Bezug auf die Wirkung einer Temperaturänderung des fließenden Materials einzustellen.

9. Verfahren nach Anspruch 8, wobei der Temperaturausgleichsfaktor durch Lösen des Ausdrucks bestimmt (601)
wird:

mit
DK4 Fehler der gemessenen Dichte (Dm) bei der Temperatur tK4 und einem Massendurchsatz MK4.

K3 der vorhergehend definierten Kalibrierungskonstanten
tK3 der Temperatur, bei der K3 bestimmt wurde (°C)
tK4 der Temperatur, bei der K4 bestimmt wurde (°C)
MK4 dem Massendurchsatz, bei dem K4 bestimmt wurde (g/s)

10. Verfahren nach Anspruch 9, wobei der Schritt der Anwendung (604) des in Bezug auf die Temperatur eingestellten
Durchsatzeffektfaktors auf die gemessenen Dichte und den gemessenen Massendurchsatzes umfasst, den Aus-
druck zu lösen:

Dm=K2Tm
2(1-tctm)-K1

K4=[Dk4/(K3 x Mk4
2 )-1]/tk4-tk3)
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mit

Dm der gemessenen Dichte (g/cm3)
Dc der korrelierten Dichte (g/cm3)
Mm dem gemessenen Massendurchsatz (g/s)
tm der gemessenen Temperatur (°C)
tk3 der Temperatur, bei der K3 berechnet wurde (°C)
K3 und K4 wie vorhergehend definiert

11. Vorrichtung (20) zum Gewinnen der Dichte eines Materials, das durch einen Dichtemesser (10) fließt, der schwin-
gende Rohrmittel (131, 131') aufweist, wobei sich eine gemessene Dichte des fließenden Materials ändert, wenn
sich der Massendurchsatz des fließenden Materials durch das schwingende Rohrmittel (131, 131') ändert, wobei
die Vorrichtung umfasst:

eine Einrichtung zum Messen (170R, 206, 210) der Schwingungsperiode Tm des schwingenden Rohrmittels,
wenn das Material durch es hindurchfließt,

eine Einrichtung zum Erzeugen (210) eines gemessenen Dichtewerts Dm für das fließende Material in Antwort
auf die Messung der Schwingungsperiode Tm,

eine Einrichtung zum Erhalten (170L, 170R, 201, 210) eines Massendurchsatzwerts Mm, der für den Massen-
durchsatz des durch das schwingende Rohr (131, 131') fließenden Materials repräsentativ ist,

gekennzeichnet durch

eine Einrichtung zum Erzeugen (210) eines Durchsatzeffektfaktors k3, der die Empfindlichkeit der gemessenen
Dichte in Bezug auf Änderungen des Massendurchsatzes des fließenden Materials definiert;

eine Einrichtung zum Multiplizieren (210) des Massendurchsatzeffektfaktors k3 mit dem gemessenen Mas-
sendurchsatz Mm, um einen durch den Massendurchsatz hervorgerufenen Dichtefehlerwert k3 (Mm)2 zu be-
stimmen; und

eine Einrichtung zum Verringern (210404) des gemessenen Dichtewerts um eine Größe, die im Wesentlichen
gleich dem durch den Massendurchsatz hervorgerufenen Dichtefehlerwert k3 (Mm)2 ist, um den korrigierten
Dichtewert Dc zu bestimmen; und

eine Einrichtung zum Übertragen (210, 26) des korrigierten Dichtewerts zu einer Ausgabeeinrichtung (29).

12. Vorrichtung nach Anspruch 1, wobei der Durchsatzeffektfaktor durch Lösen des Ausdrucks bestimmt wird:

mit

K3 der Durchsatzkalibrierungskonstanten

D1 einer ersten, gemessenen Dichte bei einem ersten Massendurchsatz (M1) des fließenden Materials,

D2 einer zweiten, gemessenen Dichte (D2) bei einem zweiten Massendurchsatz (M2) des fließenden Materials.

13. Vorrichtung nach Anspruch 1, bei der der korrigierte Dichtewert durch Lösen des Ausdrucks bestimmt wird:

Dc=Dm-K3(1+K4(tm-tk3))(Mm)2

K3=(D1-D2)/(M1-M2)2

Dc=DM-K3(MM)2
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mit

Dc der korrigierten Dichte (g/cm3)
Dm der gemessenen Dichte (g/cm3)
K3 Durchsatzkalibrierungskonstanten
MM dem gemessenen Durchsatz (g/s)

14. Vorrichtung gemäß Anspruch 11, bei die Einrichtung zur Erzeugung eines gemessenen Dichtewerts umfasst:
eine Einrichtung zur Berechnung (40) des gemessenen Dichtewerts in Antwort auf die gemessene Schwingungs-
periode, wobei der gemessene Dichtewert mit dem Quadrat der gemessenen Schwingungsperiode in linearer
Beziehung steht.

15. Vorrichtung gemäß Anspruch 14, wobei die gemessene Dichte (DM) durch Lösen des Ausdrucks bestimmt wird:

mit

Dm der gemessenen Materialdichte (g/cm)
Tm der gemessenen Rohrperiode (s)
K1 gleich K2Ta

2-Da
K2 gleich d/(Tw

2-Ta
2)

Dw der Wasserdichte zum Zeitpunkt der Kalibrierung (g/cm3)
Da der Luftdichte zum Zeitpunkt der Kalibrierung (g/cm3)
d gleich Dw-Da(g/cm3)
tc den Temperaturausgleichsfaktor (% Änderung T2

m/°C)/100)
Ta der Rohrperiode für Luft ohne Durchfluss zum Zeitpunkt der Kalibrierung, auf 0°C(s) korrigiert
TW der Rohrperiode für Wasser ohne Durchfluss zum Zeitpunkt der Kalibrierung, auf 0°C(s) korrigiert
tm der gemessenen Temperatur (°C)

16. Vorrichtung nach Anspruch 11, wobei die Einrichtung zur Berechnung eines korrigierten Dichtewerts umfasst:

eine Einrichtung zum Wiedergewinnen (210, 211, 214) eines Durchsatzeffektfaktors für den Strömungsmesser
aus einem Speicher (212), wobei der Durchsatzeffektfaktor eine Empfindlichkeit der gemessenen Dichte in
Bezug auf den Massendurchsatz des fließenden Materials definiert,

eine Einrichtung zum Erhalten (190, 203) eines Temperaturwerts, wobei der Temperaturwert für die Temperatur
des fließenden Materials repräsentativ ist,

eine Einrichtung zum Einstellen (210) des Durchsatzeffektfaktors in Antwort auf den Temperaturwert; und

eine Einrichtung zum Anwenden (210) des auf die Temperatur eingestellten Massendurchsatzeffektfaktors
auf die gemessene Dichte, um die korrigierte Dichte zu bestimmen.

17. Vorrichtung nach Anspruch 16, wobei die Einrichtung zum Einstellen (604) des Massendurchsatzeffektfaktors um-
fasst:

eine Einrichtung zum Wiedergewinnen (211, 214) eines Temperaturausgleichsfaktors aus einem zweiten Spei-
cher, wobei der Temperaturausgleichsfaktor eine Empfindlichkeit des Durchsatzeffektfaktors in Bezug auf
Temperaturänderungen des fließenden Materials definiert; und

eine Einrichtung zum Anwenden (210) des Temperaturausgleichsfaktors auf den Durchsatzeffektfaktor, um
den Durchsatzeffektfaktor in Bezug auf die Wirkung einer Temperaturänderung des fließenden Materials ein-
zustellen.

18. Vorrichtung nach Anspruch 17, wobei der Temperaturausgleichsfaktor durch Lösen des Ausdrucks bestimmt wird:

Dm=K2Tm
2(1-tctm)-K1
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mit

DK4 Fehler der gemessenen Dichte (Dm) bei der Temperatur tK4 und einem Massendurchsatz MK4
K3 der vorhergehend definierten Kalibrierungskonstanten
tK3 der Temperatur, bei der K3 bestimmt wurde (°C)
tK4 der Temperatur, bei der K4 bestimmt wurde (°C)
MK4 dem Massendurchsatz, bei dem K4 bestimmt wurde (g/s)

19. Vorrichtung nach Anspruch 18, wobei die Einrichtung zur Anwendung des in Bezug auf die Temperatur eingestell-
ten Durchsatzeffektfaktors auf die gemessenen Dichte und auf den gemessenen Massendurchsatz das Lösen des
Ausdrucks umfasst:

mit

Dm der gemessenen Dichte (g/cm3)
Dc der korrelierten Dichte (g/cm3)
Mm dem gemessenen Massendurchsatz (g/s)
tm der gemessenen Temperatur (°C)
tk3 der Temperatur, bei der K3 berechnet wurde (°C)
K3 und K4 wie vorhergehend definiert

Revendications

1. Procédé de commande d'un appareil (5) destiné à déterminer la masse volumique d'une matière circulant dans
un débitmètre (10) possédant un dispositif à tube vibrant (131, 131') dans lequel une masse volumique de la
matière qui circule change lorsque le débit de la matière qui circule dans le dispositif à tube vibrant (131, 131')
change, le procédé comprenant les étapes suivantes :

la mesure de la période de vibration (FREQ, 402, Tm) du dispositif à tube vibrant lorsque la matière circule
dans celui-ci,
la création (403) d'une valeur mesurée de masse volumique (Dm) de la matière qui circule à la suite de ladite
mesure de la période de vibration Tm, et
la réception (401) d'une valeur Mm du débit massique représentative du débit massique de la matière qui
circule dans le tube vibrant (131, 131'),

caractérisé par

la création (401) d'un facteur k3 d'effet de débit qui détermine la sensibilité de la masse volumique mesurée
aux changements du débit massique de la matière qui circule,
la multiplication (404) du facteur k3 d'effet de débit par le débit massique Mm pour la détermination d'une valeur
k3(Mm)2 d'erreur de masse volumique induite par le débit massique,
la réduction (404) de la valeur mesurée de masse volumique d'une quantité pratiquement égale à la valeur
k3(Mm)2 d'erreur de masse volumique induite par le débit massique pour la détermination de la valeur corrigée
de masse volumique Dc, et
la transmission (405) de la valeur corrigée de masse volumique à un dispositif de sortie (29).

2. Procédé selon la revendication 1, dans lequel l'étape de création (401) du facteur (k3) d'effet de débit comporte
les étapes suivantes :

la mesure d'une différence entre une première masse volumique d'étalonnage de la matière qui circule me-
surée pour un premier débit massique d'étalonnage et une seconde masse volumique d'étalonnage de la

K4=[Dk4/(K3xMk4
2 )-1]/tk4-tk3)

Dc=Dm-K3(1+K4(tm-tk3))(Mm)2
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matière qui circule mesurée pour un second débit massique d'étalonnage,
la détermination, en fonction de la différence mesurée de masse volumique, du facteur de l'effet de débit
massique, et
la mémorisation du facteur d'effet de débit massique dans une mémoire.

3. Procédé selon la revendication 2, dans lequel le facteur d'effet de débit (k3) est déterminé par solution de l'expres-
sion

dans laquelle K3 désigne la constante d'étalonnage de débit, D1 la première masse volumique mesurée à un
premier débit massique (M1) de la matière qui circule, et D2 une seconde masse volumique mesurée (D2) à un
second débit massique (M2) de la matière qui circule.

4. Procédé selon la revendication 1, dans lequel la valeur corrigée de masse volumique (Dc) est déterminée par
solution (404) de l'expression

dans laquelle Dc désigne la masse volumique corrigée, DM la masse volumique mesurée, K3 la constante d'éta-
lonnage de débit, et MM le débit mesuré.

5. Procédé selon la revendication 1, dans lequel l'étape de création d'une valeur mesurée de masse volumique (Dm)
comprend le calcul (403), en fonction de la période mesurée de vibration, de la valeur mesurée de masse volumique
telle que la valeur mesurée de masse volumique est liée linéairement au carré de la période mesurée de vibration.

6. Procédé selon la revendication 5, dans lequel la masse volumique mesurée (DM) est déterminée par solution (403)
de l'équation :

dans laquelle Dm est la masse volumique mesurée de la matière (g/cm3), Tm est la période mesurée du tube (s),
K1 est égal à K2T - Da, K2 est égal à d/(T - T ), Dw est la masse volumique de l'eau au moment de l'étalonnage
(g/cm3), Da est la masse volumique de l'air au moment de l'étalonnage (g/cm3), d est égal à Dw - Da (g/cm3), tc
est le facteur de compensation de température ((pourcentage de changement de T /°C)/100), Ta est la période
du tube pour l'air en l'absence de circulation au moment de l'étalonnage, corrigée à 0 °C, exprimée en (s), Tw est
la période du tube pour l'eau sans circulation au moment de l'étalonnage, corrigée à 0 °C, exprimée en (s), et tm
est la température mesurée (°C).

7. Procédé selon la revendication 1, dans lequel l'étape de calcul (604) d'une valeur corrigée de masse volumique
comprend les étapes suivantes :

la récupération (604) d'un facteur d'effet de débit pour le débitmètre à partir d'une mémoire, le facteur d'effet
de débit déterminant une sensibilité de la masse volumique mesurée au débit massique de la matière qui
circule,
la réception (601, 604) d'une valeur de température telle que la valeur de température est représentative de
la température de la matière qui circule,
l'ajustement (604) du facteur d'effet de débit en fonction de la valeur de température, et
l'application (604) du facteur d'effet de débit ajusté en température à la masse volumique mesurée pour la
détermination de la masse volumique corrigée.

8. Procédé selon la revendication 7, dans lequel l'étape d'ajustement (604) du facteur d'effet de débit comprend :

la récupération (601) d'un facteur de compensation de température dans une seconde mémoire, le facteur de
compensation de température déterminant une sensibilité du facteur d'effet de débit au changement de tem-

K3 = (D1 - D2)/(M1 - M2)2

Dc = DM - K3(MM)2

Dm = K2Tm
2 (1 - tctm) - K1

2
a

2
w

2
a

2
m
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pérature de la matière qui circule, et
l'application (604) du facteur de compensation de température au facteur d'effet de débit pour l'ajustement du
facteur d'effet de débit d'après l'effet d'un changement de température de la matière qui circule.

9. Procédé selon la revendication 8, dans lequel le facteur de compensation de température est déterminé par solution
(601) de l'équation suivante :

dans laquelle DK4 désigne l'erreur de la masse volumique mesurée (Dm) à la température tK4 et pour le débit
massique MK4, K3 est la constante d'étalonnage déjà définie, tK3 est la température à laquelle a été déterminée
la constante K3 (°C), tK4 est la température à laquelle a été déterminée la constante K4 (°C), et MK4 est le débit
massique pour lequel a été déterminée la constante K4 (g/s).

10. Procédé selon la revendication 9, dans lequel l'étape d'application (604) du facteur d'effet de débit ajusté en tem-
pérature à la masse volumique mesurée et au débit massique mesuré comprend la solution de l'équation suivante :

dans laquelle Dm désigne la masse volumique mesurée (g/cm3), Dc la masse volumique corrigée (g/cm3), Mm le
débit massique mesuré (g/s), tm la température mesurée (°C), tk3 la température à laquelle a été calculée la cons-
tante K3 (°C), et K3 et K4 sont tels que définis précédemment.

11. Appareil (20) de détermination de la masse volumique d'une matière circulant dans un débitmètre (10) possédant
un dispositif à tube vibrant (131, 131') dans lequel la masse volumique mesurée de la matière qui circule change
lorsque le débit de la matière qui circule dans le dispositif à tube vibrant change, l'appareil comprenant :

un dispositif (170R, 206, 210) de mesure de la période de vibration Tm du dispositif à tube vibrant (131, 131')
lorsque la matière circule dans celui-ci,
un dispositif (210) destiné à créer une valeur mesurée de masse volumique Dm pour la matière qui circule en
fonction de la mesure de la période de vibration Tm, et
un dispositif (170L, 170R, 201, 210) destiné à recevoir une valeur de débit massique Mm représentative du
débit massique Mm de la matière qui circule dans le tube vibrant (131, 131'),

caractérisé par

un dispositif (210) destiné à créer un facteur k3 d'effet de débit qui détermine la sensibilité de la masse volu-
mique mesurée aux variations du débit massique de la matière qui circule,
un dispositif (210) de multiplication du facteur d'effet de débit k3 par le débit massique mesuré Mm pour la
détermination d'une valeur k3(Mm)2 d'erreur de masse volumique induite par le débit massique,
un dispositif (210) de réduction de la valeur mesurée de masse volumique d'une quantité pratiquement égale
à la valeur k3(Mm)2 d'erreur de masse volumique induite par le débit massique pour la détermination de la
valeur corrigée de masse volumique Dc, et
un dispositif (210, 26) de transmission de la valeur corrigée de masse volumique à un dispositif de sortie (29).

12. Appareil selon la revendication 11, dans lequel le facteur d'effet de débit est déterminé par solution de l'équation
suivante :

dans laquelle K3 désigne la constante d'étalonnage de débit, D1 la première masse volumique mesurée à un
premier débit massique (M1) de la matière qui circule, et D2 une seconde masse volumique mesurée (D2) à un
second débit massique (M2) de la matière qui circule.

13. Appareil selon la revendication 11, dans lequel la valeur corrigée de masse volumique est déterminée par solution

K4 = [Dk4/(K3 x Mk4
2 ) - 1]/(tk4 - tk3)

Dc = Dm - K3(1 + K4(tm - tk3))(Mm)2

K3 = (D1 - D2)/(M1 - M2)2
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de l'équation suivante :

dans laquelle Dc désigne la masse volumique corrigée, DM la masse volumique mesurée, K3 la constante d'éta-
lonnage de débit, et MM le débit mesuré.

14. Appareil selon la revendication 11, dans lequel le dispositif destiné à créer une valeur de masse volumique mesurée
comprend un dispositif (40) de calcul, en fonction de la période mesurée de vibration, de la valeur mesurée de
masse volumique telle que la valeur mesurée de masse volumique est reliée linéairement au carré de la période
mesurée de vibration.

15. Appareil selon la revendication 14, dans lequel la masse volumique mesurée (DM) est déterminée par solution de
l'équation suivante :

dans laquelle Dm désigne la masse volumique mesurée de la matière (g/cm3), Tm la période mesurée du tube (s),
K1 est égal à K2T - Da, K2 est égal à d/(T - T ), Dw est la masse volumique de l'eau lors de l'étalonnage (g/
cm3), Da la masse volumique de l'air au moment de l'étalonnage (g/cm3), d est égal à Dw - Da (g/cm3), tc est le
facteur de compensation de température ((pourcentage de changement de T /°C)/100), Ta est la période du tube
pour de l'air en l'absence de circulation au moment de l'étalonnage, corrigée à 0 °C, exprimée en (s), Tw la période
du tube pour l'eau sans circulation au moment de l'étalonnage, corrigée à 0 °C, exprimée en (s), et tm est la
température mesurée (°C).

16. Appareil selon la revendication 11, dans lequel le dispositif de calcul d'une valeur corrigée de masse volumique
comprend :

un dispositif (210, 211, 214) de récupération d'un facteur d'effet de débit sur le débitmètre à partir d'une mé-
moire (212), dans lequel le facteur d'effet de débit détermine la sensibilité de la masse volumique mesurée
au débit massique de la matière qui circule,
un dispositif (190, 203) destiné à recevoir une valeur de température, la valeur de température étant repré-
sentative de la température de la matière qui circule,
un dispositif (210) d'ajustement du facteur d'effet de débit en fonction de la valeur de température, et
un dispositif (210) d'application du facteur d'effet de débit ajusté en température à la masse volumique mesurée
pour la détermination de la masse volumique corrigée.

17. Appareil selon la revendication 16, dans lequel le dispositif d'ajustement du facteur d'effet de masse volumique
comprend :

un dispositif (211, 214) de récupération d'un facteur de compensation de température dans une seconde
mémoire (212), le facteur de compensation de température déterminant la sensibilité du facteur d'effet de
débit aux changements de température de la matière qui circule, et
un dispositif (210) d'application du facteur de compensation de température au facteur d'effet de débit pour
l'ajustement du facteur d'effet de débit en fonction de l'effet d'un changement de température de la matière
qui circule.

18. Appareil selon la revendication 17, dans lequel le facteur de compensation de température est déterminé par
solution de l'équation suivante :

dans laquelle DK4 est l'erreur sur la masse volumique mesurée (Dm) à la température tK4 et pour le débit massique
MK4, K3 est la constante d'étalonnage déjà définie, tK3 est la température à laquelle a été déterminée la constante
K3 (°C), tk3 est la température à laquelle a été déterminée la constante K4 (°C), et MK4 est le débit massique auquel

Dc = DM - K3(MM)2

Dm = K2Tm
2 (1 - tctm) - K3

2
a

2
w

2
a

2
m

K4 = [Dk4/(K3 x Mk4
2 ) - 1] / (tk4 - tk3)
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a été déterminée la constante K4 (g/s).

19. Appareil selon la revendication 18, dans lequel le dispositif d'application du facteur d'effet de débit ajusté en tem-
pérature à la masse volumique mesurée et au débit massique mesuré comprend la solution de l'équation suivante :

dans laquelle Dm est la masse volumique mesurée (g/cm3), Dc est la masse volumique corrigée (g/cm3), Mm est
le débit massique mesuré (g/s), tm est la température mesurée (°C), tk3 est la température à laquelle a été calculée
la constante K3 (°C), et K3 et K4 sont tels que définis précédemment.

Dc = Dm - K3(1 + K4(tm - tk3))(Mm)2
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