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VIBRATING CONDUIT AND METHODS FOR GENERATING COMPENSATED MASS 
FLOW ESTIMATES 

Background of the lnventjon 

Field of the Invention 

The present invention relates to process parameter sensors, operating methods 

and computer program products, and more particularly, to vibrating conduit 

parameter sensors, operating methods and computer program products. 

Statement of the Problem 

Coriolis effect mass flowmeters are commonly used to measure mass· flow 

and other information for materials flowing through a conduit. Exemplary Coriolis 

flowmeters are disclosed in U.S. Patent Nos. 4, 109,524 of August 29, 

1978,4,491,025 of January 1, 1985, and Re. 31,450 of February 11, 1982, all to J. 

15 E. Smith et al. These flowmeters typically include one or more conduits having a 

straight or a curved configuration. Each conduit m~y be viewed as having· a set of . . 

vibration modes, including, for example, simple bending, torsional, · radial and 

coupled modes. In a typical mass flow. measurement application, each conduit-is 

driven to oscillate at resonance in one of its natural modes as a material flows , . 

20 through the conduit. The vibration modes of the vibrating, material-filled system 

are effected by th~ combined mass and stiffness characteristics of the conduits 

and the characteristics of the material flowing within the conduits. 

A typical component of a Coriolis flowmeter is the drive or excitation system. 

The drive system operates to apply a periodic physical force to the conduit that 

25 causes the conduit to oscillate. The drive system typically includes at least one 

actuator mounted to the conduit(s) of the flowmeter. The actuator may comprise 

one of many well known electromechanical devices, such as a voice coil device 

having a magnet mounted to a first conduit and a wire coil mounted to a second 

conduit, in an opposing relationship to the magnet. A driver typically applies a 

30 periodic, e.g., a sinusoidal or square wave, drive signal to the actuator coil. The 

periodic drive signal causes the actuator to drive the two conduits in an opposing 

periodic pattern. 

When there is effectively "zero" flow through a driven flowmeter conduit, 

points along the conduit tend to oscillate with approximately the same phase or a 

35 "zero-flow" phase with respect to the driver, depending on the mode of the driven 
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vibration. As material begins to flow from an inlet of the flowmeter, through the 

conduit and out of an outlet of the flowmeter, Coriolis forces arising from the 

material flow tend to induce phase shifts between spatially separate points along 

the conduit, with the phase on the inlet side of the conduit generally lagging the 

5 actuator and the phase on the outlet side of the conduit generally leading the 

actuator. The phase shift induced between two locations on the conduit Is 

approximately proportional to the mass flow rate of material through the conduit. 

Unfortunately, the accuracy of measurements obtained using conventional 

phase shift or time delay methods can be compromised by nonlinearities and 

10 asymmetries in the flowmeter struCture, as well as by vibration introduced into the 

flowmeter structure by external sources such as pumps. These effects may be 
. . : ; 

reduced, for example, by using balanced mechanical designs that reduce the 

effects of external vibration and by using frequency domain filtering to remove 

frequency components associated with undesirable vibrations.· However, 

15 mechanical design approaches may be constrained by geometric considerations, 

and frequency domain filtering may be ineffective at removing unwanted vibrational 

energy that occurs at or near resonant frequencies of interest such as the drive 

frequency used to excite the conduit. 

One type of error commonly encountered in mass flow rate measurement 

20 ·. applications is "zero offset.• As mentioned above, mass flow rate measurements 

typically involve determining a phase or time difference between motion signals 

produced by transducers on the sensor conduit structure.· Zero offset represents 

a bias or offset in these p'1ase or time differences measurement, such that a zero 

mass flow rate does not produce a zero phase or time difference. 

25 To reduce zero offset, error, conventional mass flow measurement 

techniques typically measure zero offset as a phase or time difference between 

motion signals measured under a controlled zero mass flow condition. Phase or 

time difference measurements conducted under other flow conditions are then 

compensated according to the measured zero-flow phase or time difference to 

30 produce more accurate results. 

These techniques have potential disadvantages, however. Changes in 

J?rocess temperatures or sensor mounting conditions may cause the zero offset to 

drift over time and lead to measurement errors. To compensate for this drift, it 

may be necessary to periodically re:..measure zero offset. This may be 
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inconvenient, as conventional zero offset compensation techniques may require 

that flow be stopped to generate an updated zero offset measurement. 

Summary of the Invention 

In light of the foregoing, it is an object of the present invention to provide 

. mass flow sensors and methods of determining mass flow which are less sensitive 

to changes in process and mounting conditions. 

This and other objects, features and advantages are provided according to 

the present invention by methods, apparatus and computer program products in 

10 which "residual flexibility," i.e., residual motion attributable to off-resonance 

contributions of real normal modes, is determined by resolving motion of a 

vibrating conduit of a mass flow sensor into real normal modal components. A real 

normal modal ··residual flexibility component associated with at least one real 

normal mode of the conduit motion is estimated and used to generate a residual-

15 flexibility-compensated estimate of mass flow. 

According to an aspect of the present invention, the real normal modal · 

residual flexibility component is estimated from signals representing motion of the· 

conduit at a substantially zero mass flow condition. According to · a related 

"dynamic zeroing" aspect, two real normal modal residual flexibility components 

20 are determined, including a "static" real normal modal.·. residual flexibility 

component measured at zero flow and a "dynamic" real normal modal residual 

flexibility component which is measurable under non-zero mass flow conditions. 

The two real normal modal residual flexibility components are combined to provide 

an estimate of residual flexibility that is used generate a residual"'-flexibility-

25 compensated estimate. of mass flow. Because the dynamic real normal modal 

·residual flexibility component may be estimated as material flows through the 

sensor, the estimate of residual flexibility can be updated to compensate for 

changes in the sensor's structural dynamics without requiring stoppage of flow. 

According to another aspect of the present invention, a function that 

30 describes motion of the vibrating conduit in a real normal mode as function of 

frequency is identified. The identified function is then used to estimate a residual 

real normal modal component associated with the real normal mode by fitting 

measurements of actual conduit motion, e.g., motion at non-zero mass flow rates, 

to the identified function. For example, a plurality of values of motion of the sensor 

3 



..; .. 

WO 00/08423 PCT/US99/15907 
conduit in a real:. normal mode may be measured at a plurality of selected 

frequencies, and these values used. to determine a mode scaling for the real 

normal mode such that motion of the conduit in the real normal mode at an off­

resonant frequency, e.g~, an excitation frequency of the sensor, can be estimated. 

5 This measurement of residual motion can then be used to generate a residual­

flexibility-compensated estimate of mass flow through the sensor. 

The present invention arises from the realization that residual flexibility in a 

mass flow sensor may be attributed to off-resonance contributions of various 

vibrational modes of the sensor structure .. Using real normal modal decomposition 

10 techniques, the present invention can accurately measure conduit motion 

associated with off-resonant real normal modal motion, and thereby provide an 

accurate measurement of residual flexibility for use in generating more accurate 

measurements of mass flow. According to aspects of the present invention, the 

estimate of off-resonant conduit· motion can be made without requiring zero mass 

15 flow in the sensor conduit. 

In particular, according to the present invention, a process parameter 

associated with a material contained in a conduit is estimated by estimating a real 

normal modal residual flexibility component associated with a real normal mode of 

··. motion of the conduit. A plurality of motion signals representing motion of the. 

20 conduit is received. A residual-flexibility-compensated estimate of mass flow is 

generated from the received plurality of motion signals and the estimated real 

normal modal residual flexibility component. 

According to an aspect of the. present invention, the conduit is excited at an 

excitation frequency. A real normal modal. residual flexibility component 

25 associated with.the real normal mode at the excitation frequency is estimated. A 

plurality of motion signals representing motion of the conduit in response to the 

excitation is received and motion of the conduit at.· the excitation frequency is 

determined from the received plurality of motion signals. A residual-flexibility­

compensated estimate of mass flow is generated from the determined motion at 

30 the excitation frequency and the estimated real normal modal residual flexibility 

component. 

According to another aspect of the invention, a first plurality of motion 

signals representing motion of the conduit under a substantially zero mass flow 

condition is received and processed to resolve the motion of the conduit under the 
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substantially zero mass flow condition into a plurality of real normal modal 

components. A real normal modal residual flexibility component is estimated from 

the resolved plurality of real normal modal components. A second plurality of 

motion signals representing motion of the conduit is received and a residual-

5 flexibility-compensated estimate of mass flow is generated from the received 

second plurality of motion signals and the estimated real normal modal residual 

flexibility component. 

Estimation of residual flexibility and mass flow may be performed in a 

physical coordinate domain or a modal coordinate domain. The first plurality of 

10 motion signals may be mode pas$ filtered to produce a mode pass filtered 

representation of the conduit motion under the substantially zero mass flow 

condition, and an estimate of residual physical motion associated with a real 

normal mode may be generated from the mode pass filtered representation of 

conduit motion. Alternatively, the first plurality of motion signals may be processed 

15 to estimate residual real normal modal motion under the substantially zero mass 

flow condition . 

20 

. According to a related "dynamic zeroing" aspect of the present invention, a 

first real normal modal residual flexibility component associated with a first real 

normal mode of conduit motion under the substantially zero mass flow condition is 

estimated. A second real normal modal residual flexibility component associated 

with a second real normal mode of conduit motion under a non-zero mass flow 

condition is estimated. A residual-flexibility-compensated estimate of mass flow is 

generated from the received second plurality of motion signals, the estimated first 

real normal modal residual flexibility component and the estimated second real 

25 normal modal residual flexibility component. The first real normal mode preferably 

is more highly correlated with flow of material in the conduit than the second real 

normal mode. 

According to yet another aspect of the present invention, a function 

operative to describe motion of the conduit in a real normal mode as function of 

30 frequency is identified. A first value representing motion of the vibrating conduit at 

a selected frequency is determined. A real normal modal residual flexibility 

component associated with the real normal mode is estimated by fitting the first 

value to the identified function. A plurality of motion signals representing motion of 

the conduit is received and a residual-flexibility-compensated estimate ·of mass 
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flow is generated .from the received second plurality of motion signals and the. 

estimated real normal modal residual flexibility component. 

In a modal coordinate domain embodiment, a real normal modal residual 

flexibility component is estimated by determining a scaling transformation relating 

5 . the· first value to the identified function, and estimating a real normal modal 

residual flexibility component associated with the real normal mode from the 

identified function and the determined scaling transformation. A residual-flexibility­

compensated estimate of mass flow is generated from the estimated real normal 

modal.residual flexibility component in a modal coordinate domain. 

10 In a mode pass filtering embodiment, residual physical motion associated 

with a real normal mode is estimated from a frequency response function. A 

residual-flexibility-compensated estimate of mass flow is generated by mo.de pass 

filtering a received plurality of motion signals to produce a mode-pass-filtered 

representation of conduit motion as a material flows therethrough, and generating 

15 . a residual-flexibility-compensated estimate of mass flow from the mode pass 

20 

25 

filtered representation and the estimated residual physical motion. 

Related apparatus and computer . program products for generating a­

residual-flexibility-compensated mass. flow estimate for material in . a vibrating 

conduit are also described. 

Brief Description of the Drawings 

FIG. 1 illustrates an exemplary sensor conduit structure . 

. Fl Gs. 2-4 illustrate frequency responses of real normal modes of the 

exemplary conduit structure of FIG. 1. 

FIGs. 5-6 illustrates an embodiment of a vibrating conduit parameter sensor 

according to the present invention. 

FIGs. 7-11 are flowchart illustrations and schematic diagrams illustrating 

operations for generating -a residual-flexibility-compensated estimate of mass flow 

according to aspects of the present invention. 

30 FIGs. 12A-B illustrate frequency responses of modes of an exemplary 

sensor conduit structure. 

FIGs. 13-16 are flowchart illustrations and schematic diagrams illustrating 

operations for generating residual-flexibility-compensated estimates of mass flow 

according to aspects of the_present invention. 

6 



.:· 

W000/08423 PCT/US99/1S907 

Detailed Description of Embodiments 

The present invention now will be described more fully hereinafter with 

reference to the accompanying drawings, in which embodiments of the invention 

5 are shown. Those skilled in the art will appreciate that the invention may be 

embodied in many different forms and should not be construed as limited to the 

embodiments set forth herein; rather, these embodiments are provided so that this 

disclosure will be thorough and complete, and will fully convey the scope of the 

invention to those skilled in the art. In the drawings, like numbers refer to like 

1 O elements throughout. 

In embodiments described herein, motion signals representing motion of a 

sensor conduit are processed to resolve the conduit motion into a plurality of real 

normal modal components. Real normal modal decomposition ·may be 

implemented in a number of ways. For example, a mode pass filter may be 

15 employed to pass components of sensor conduit motion that are associated with a 

set of desired real normal. Although modal responses corresponding to the 

conduit motion need not be explicitly determined, the mode pass filtering 

nonetheless "resolves" the conduit motion into respective components associated 

with respective real normal modes. Alternatively; real normal modal motion, i.e., 

20 motion in the coordinate systems of a plurality of single degree· of freedom {SDOF) 

systems, can be explicitly estimated from the motion signals and used to generate 

process parameter estimates. 

25 

I. Overview 

A. Modal Behavior of a Sensor Conduit 

As discussed in a United States Patent Application entitled "Vibrating 

Conduit Parameter S~nsors, Methods and Computer Program Products Utilizing 

Real Normal Modal Decomposition," filed July 16, 1998, and assigned to the 

assignee of the present application, behavior of a vibrating structure such as a 

30 Coriolis flowmeter conduit may be described in terms of one or more natural or real 

normal modes having associated natural frequencies of vibration. These real 

normal modes ·and the associated natural frequencies may be mathematically 

described by eigenvectors and associated eigenvalues, the eigenvectors being 

unique in relative magnitude but not absolute magnitude and orthogonal with 
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respect to the mass and stiffness of the structure. The linearly independent set of · 

vectors may be used as a transformation to uncouple equations that describe the 

structure's motion. 

In particular, the response of the structure to an excitation can be 

5 represented as a superposition of scaled modes,. the scaling representing the 

contribution of each mode to the. motion of the structure. Depending on the 

excitation, some modes may contribute more than others. Some modes may be 

undesirable because they may contribute energy at the. resonant frequency of a 

desired mode and therefore may corrupt measurements taken at the resonant 

1 O frequency of the desired mode, such as phase difference measurements taken at 

. the excitation frequency. 

A sensor conduit structure with negligible damping and zero flow may be 

· assumed to have purely real natural or normal modes of vibration. Le., in each 

mode, each point of the structure reaches maximum displacement simultaneously. 

15 However, a real conduit having non-negligible damping a~d a material flowing 

therethrough has a generally complex response to excitation, i.e., points of the 

· stru·cture generally do not simultaneously re_ach maximum amplitude. ;The motion 

of the conduit structure may be described as .a complex mode having real and 

.imaginary components or, alternatively,. magnitude and phase components;. 

20 .. Coriolis forces imparted by the flowing material introduce the complexity. into the· 

· motion of the sensor conduit. · ·' : 

Even if complex, motion of a conduit structure can be described as a 

superposition of scaled natural or "normal" modes. To represent complex motion, 

complex scaling coefficients are used in combining the constituent real normal 

25 modes. Particular real normal modes may be closely correlated with the imaginary 

component of the complex mode while being significantly less correlated with the 

real component of the complex mode. Accordingly, these particular real normal 

modes may be more closely correlated with the Coriolis forces associated with the 

material in the sensor conduit, and thus can provide information for generating an 

30 accurate estimate of a parameter, e.g., mass flow, associated with the material. 

As an illustrative example, a dual curved tube 3-inch Coriolis flowmeter was 

experimentally analyzed. A conceptual model of the conduit structure of this meter 

is illustrated in FIG. 1. Conventional velocity transducers 105A, 1058, 1 DSC, 

oriented to measure velocity in a direction z. were positioned at respective left, 
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right and drive.locations.on the conduit assembly 10. Respective accelerometers 

1050, 105E were placed on respective ones oftherconduits 103A, 1038, near the 

right transducer location, and were oriented to measure lateral acceleration along 

a direction x. The outputs of the accelerometers 1050, 105E were integrated to 

5 produce lateral absolute velocity information. 

10 

15 

A response vector {x,.,,po11,e} can be constructed from the outputs of the 

motion transducers 1 OSA-E: 

. {x respon•} = 

right response, z 
drive response, z 
left resp01ise, z 

skewed lateral response~xz 
lateral response, x 

' (1} 

where the skewed lateral response is a response along a direction 45 degrees with 

respect to the x and z axes. A real normal modal matrix [ct>], i.e., a real normal 

modal transformation matrix relating .the physical motion vector {xreapanse} (in 

"physical" coordinates) to a real normal modal motion vector {11} (in "modal" · 

coordinates), may be identified such that: 

{xnspo.,,} = [<1>]{11}. (2) 

The real normal modal transformation matrix [Cl>) can be identified using a 

20 number of techniques. For example, trial and error or inverse techniques may be 

used as described in United State Patent Application Serial Number 08/890,785, 

filed July 11, 1997 and assigned to the assignee of the present application, and in 

a United States Patent Application Serial Number 09/030,453, filed February 25, 

1998 and assigned to the assignee of the present application. 

25 For the exemplary conduit structure 10 of FIG. 1, a real normal modal 

transformation matrix [<1>] was experimentally determined: 
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5.893 0.033 -0.198 -11.958 11.95 

14.973 0.085 _-:0.68 -7.666 -10.~88 (!bf: sec' r; .. [<l>]= . 6.024 -0.15 -0.169 12.312 12.239 (3) 

1.891 0.84 1.33 3.6 3.864 
m 

0.124 1.728 -3.587 0.198 0.232 

From left to right, the columns of the real normal modal transformation matrix [Cl>] 

correspond to a first out-of-phase bend mode, an in-phase lateral mode, an out-of-

5 phase lateral mode, an out-of-phase twist mode and a second out-of-phase bend 

mode, respectively, for the conduit structure 10. 

The modal transformation matrix [<l>] can be used to resolve the physical 

motion _represented by the motion vector {Xnsponse} _into real normal modal 

components. For example, Equation (2) may be explicitly solved for the modal 

10 motion vector {11}. by premultiplying both sides of Equation (2) by the inverse of the 

modal transformation matrix [<l>]: 

I : : ~ .·. {r)} = [<l>r' {x,... ... ,.} • . (4} 

15 where, for the exemplary structure of FIG. 1, 

0.0056 0.0498 0.0326 0.0135 -0.0063 

-0.08 0.0002 -0.1999 0.6436 0.2485 I 

£Cl>r' = -0.0035 0.0002 . -0.0916 0.3109 -0.1591 (lfb~sec
2 y .. (5) 

-0.418 0.0 0.0394 0.0044 
111 

0.0021 

0.0391 -0.0245 0.0223 0.0011 0.0019 

As described in the aforementioned patent application "Vibrating Conduit 

20 Parameter Sensgrs, Methods and Computer Program Products Utilizing Real 

Normal Modal Decomposition," the real normal modal motion {11} may be used 

directly to estimate a process parameter associated with one or more of the real 

normal modes of the conduit structure, e.g., modes associated with Coriolis force. 

Alternatively, the modal transformation matrix [<l>] may be used to identify a "mode 

25 pass filter" that may be applied to the physical motion {xre.spon.re} to produce a filtered 

physical domain response that preferentially includes components of the physical 
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motion {Xresponse} associated with one or more modes of the conduit. This filtered 

response may be used to estimate a process parameter. 

A selective inverse real normal modal transformation matrix [<I>') can be 

used to translate a real normal modal motion vector {11} to a filtered motion vector. 

5 {Xfittered} in which components associated with undesired real normal modes are 

attenuated: 

{x Ji''-'} = [<I>'] {ti} . (6) 

10 For the exemplary structure of FIG. 1, a selective inverse real normal modal 

transformation matrix [fl>'] was constructed from the real normal modal 

transformation matrix [<I>) with by replacing those elements of the real normal 

modal transformation matrix [<I>) associated with the undesired real normal modes 

15 

with zeroes: 

5.893 0 0 -11.958 0 

14.973 0 0 -7.666 0 I 

[<l>') = 6.024 0 0 12.312 0 [lb/~~ec
2 r2. (7) 

1.891 0 0 3.6 0 

0.124 0 0 0.198 0 

As shown in Equations (6) and (7), companents of the conduit motion vector 

{xresponse} corresponding to undesired real normal modes may be attenuated by 

20 employing a selective inverse real normal modal transformation matrix [<I>'] that 

corresponds to the real normal modal transformation matrix [<I>) with zeroes 

replacing those elements of the real normal modal transformation matrix [<I>] 

associated with the undesired real normal modes. Those skilled in the art will 

appreciate, however, that attenuation of these components could . be achieved 

25 · using nonzero values for these elements of the selective inverse real normal modal 

transformation matrix [<!>']. 

Combining Equations (4)and (6): 

{x fi''"ret1} = [<l>'][<l>r
1 
{x,np01...-} = ['¥] {xn•'"'"} • (8) 
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where the mode pass filter matrix ['I'] is given by 

['l'l = [<1>'n0r1. (9) 

The mode pass filter matrix ['¥ ] processes the conduit motion vector 

{xusponse} such that the filtered output motion vector {Xfit1ered} preferentially 

represents components of the conduit motion vector {xre.rporrse} associated with one 

or more desired modes. The mode pass filter matrix ('qi ] may also be generated 

10 by: 

['I']= [<l>][A][<1>r1
, (10) 

where [A] is a "diagonal" matrix whose off-diagonal elements are zeros, with 

15 selected diagonal elements correponding to desired modes set to one, e.g., 

1 0 

0 0 
[A]= : 

0 

0 

0 1 

(11 )' 

The filtered output {xJiltered} may be processed to generate accurate 

20 estimates of process parameters such as mass flow~ For example, the filtered 

output {XJit1ered} may be processed according to conventional phase or time 

difference Coriolis measurement techniques, as described in the aforementioned 

patent application "Vibrating Conduit Parameter Sensors, Methods and Computer 

Program Products Utilizing Real Normal Modal Decomposition." For the 

25 exemplary system illustrated in FIG. 1, this could be done by determining a phase 

difference or time difference between components of the filtered output {xfilierett} 

corresponding to the right and left transducers 105A, 1058 using, for example, 

zero crossing or similar phase or time difference techniques such as those 

described in United States Patent RE31,450 to Smith, United States Patent 

30 4,879,911 to Zolock, and United States Patent 5,231,884 to Zolock, or similar 
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phase or time differe~~e techniques implemented iii a "digital domain using a digital 

signal processor (DSP) or other computing device. 

B. Residual Flexibility and Zero Offset 

5 A Coriolis flowmeter is typically excited or "driven11 to cause a fluid or other 

material in the conduit of the meter to undergo a Coriolis acceleration. This 

excitation typically is imparted at or near a resonant frequency of a vibrational 

mode of the sensor conduit structure, e.g., at the resonant frequency of a so-called 

"drive" or "excitation" mode. It is often assumed that a periodic excitation applied 

1 o at the resonant frequency of a mode of the sensor conduit produces a unimodal 

response, i.e., a response limited to that drive or excitation mode. In reality, 

however, excitation typically produces motion in additional real normal modes 

beyond the drive or excitation mode. As described above, the off-resonance 

response of real normal modes other than the drive mode can contribute to 

15 residual flexibility at the drive mode frequency, and thus to measurement 

phenomena such as zero offset in phase or time difference measurements 

performed at the excitation frequehcy. 

For the experimentally-analyzed three-inch Coriolis flowmeter, nine modes 

having resonant frequencies between O and 400 Hz were identified. FIG. 2 

20 illustrates the total physical response 210 of the sensor's left transducer, and the 

frequency responses of the first nine modes of the structure. As illustrated,. there 

are many modes having a nonzero response at the excitation frequency cod. The 

off-resonance responses of these modes contribute to residual flexibility at the 

excitation frequency rod. Of particular interest is the prominent first out-of-phase 

25 twist mode 220 having a resonant frequency at approximately 325 Hz. For the 

experimentally-analyzed sensor, this mode represents one of a family of "flow 

modes" that are highly correlated with Coriolis acceleration of material within the 

sensor conduit. For the illustrated responses of FIG. 2, this twist mode contributes 

the greatest residual flexibility at the excitation frequency rod. 

30 FIG. 3 illustrates phase responses corresponding to the magnitude 

responses of FIG. 2. Residual flexibility can affect the phase of the response, and 

thus can introduce bias or zero offset in phase or time difference measurements 

used to estimate mass flow. As illustrated in FIG. 4, which shows the phase 

responses of FIG. 3 magnified near the excitation frequency cod. the difference 430 
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between phase 410 of the left motion transducer signal and the phase 420 of the 

right motion transducer signal exhibits a bias at zero flow, illustrating the potential 

effects of off-resonance contributions of modes other than the drive mode on 

phase difference measurements. 

II. Determining Residual Flexibility by Real Normal Modal Decomposition 

Analytically, the off-resonance contributions of real normal modes other 

than the drive mode at zero flow can be determined by identifying a portion of the 

10 conduit response at the excitation frequency that is_ attributable to these off­

resonance contributions, i.e .• by estimating a "real.normal modal residual flexibility 

component" of conduit motion that contributes to residual flexibility. The estimated 

real normal modal residual flexibility component may then be used to generate a 

residual-flexibility-compensated estimate of mass flow according to a number of 

15 different techniques. 

FIG. 5 illustrates an exemplary embodiment of a vibrating conduit parameter 

'sensor 5 according to the present inven~ion. The sensor 5 includes a conduit 

assembly 10.· The conduit assembly 10 includes an inlet flange 101, an outlet 

·flange 101', a manifold 102 and first" and second .conduits 103A, 1038. Brace 

20 bars 106, 106' connect the conduits 103A, 1038. Connected to the conduits. 

103A, 1038 is an actuator 104 that is operative to vibrate the conduits 103A, 1038 

responsive to a driver 20. Motion transducers 105A, 1058 are operative to 

produce a plurality of motion signals representing motion at a plurality of locations 

of the conduits 103A, 1038, e.g., signals representing displacement, velocity or 

25 acceleration of the conduits 103A, 1038. The motion transducers 105A, 1058 may 

include a variety of devices, such as coil-type velocity transducers, optical or 

ultrasonic motion sensors, accelerometers, inertial rate sensors and the like . 

. Leads 100 are connected to the actuator 104 and the motion transducers 105A, 

1058. 

30 When the conduit assembly 10 is inserted into a material processing 

system, material flowing in the material processing system ent~rs the conduit 

assembly 10 through the inlet flange 101. The material then flows through the 

manifold 102, where it is directed into the conduits 103A, 1038. After leaving the 

conduits 103A, 1038, the material flows back into the manifold 102 and exits the 

35 meter assembly 10 through the outlet flange 101 '. As the material flows through 
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the conduits 103A, 1038, it gives rise to Coriolis forces that perturb the conduits 

103A, 1038. 

The conduits 103A, 1038 may be driven by the actuator 104 in opposite 

directions about their respective bending axes W-W and W'-W', inducing what is 

5 commonly referred to as a first out-of-phase bending mode in the conduit 

assembly 10. The actuator 104 may comprise any one of many well-known 

devices, such as linear actuator including a magnet mounted to the first conduit 

103A and an opposing coil mounted to the second conduit 1038. An alternating 

current induced by a drive signal provided by a driver 20 via a drive lead 110 

10 passes through the coil, generating mechanical force that vibrates the conduits 

103A, 1038. The excitation supplied by the actuator 104 may be substantially 

coherent, e.g., confined to a narrow frequency range, or may be broadband. 

Although the parameter sensor 5 illustrated in FIG. 5 is shown as including 

an integral actuator 104, those skilled in the art will appreciate that vibration of the 

15 conduits 103A, 1038 according to the present invention may be achieved by other 

techniques. For example, broadband excitation may be generated external to the 

conduit assembly 10 by such sources as pumps or compressors and conveyed to 

the conduit assembly 10, for example, via one of the flanges 101, 101~. Similarly, 

broadband excitation may be generated by transfer of energy from a material in 

20 the conduits 103A, 1038 through, for example, a fluid-structure ·interaction (FSI) 

mechanism. 

The parameter sensor 5 includes a real normal modal residual flexibility 

component estimator 30 that is configured to receive motion signals from the 

motion transducers 105A, 1058 over leads 111 and operative to estimate a real 

25 normal modal residual flexibility component 35 of motion of the conduits 103A-B. 

A residual-flexibility-compensated mass flow estimator 40 is responsive to the real 

normal modal residual flexibility component estimator 30, configured to receive 

motion signals from the motion transducers 105A, 1058, and operative to generate · 

a residual-flexibility-compensated estimate 45 of mass flow from the motion signals 

30 and the estimated real normal modal residual flexibility component 35. 

As illustrated in FIG. 6, the real normal modal residual flexibility component 

estimator 30 and the residual-flexibility-compensated mass flow estimator 40 may 

be implemented using a computer 50, e.g., a microprocessor, microcontroller, 

digital signal processor (DSP) or the like. In the illustrated embodiment of FIG. 6, 

15 
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both the real normal modal residual flexibility component estimator 30 ·and the 

residual-flexibility-compensated mass flow estimator 40 Include circuitry 61 O that 

received motion signals 605, such as a sampler 612, for example, a sample-and­

hold or similar circuit, that samples the motion signals 606 and produces samples 

.. 5 613 therefrom for subsequent conversion to digital signal values 615 by an analog­

to-digital converter (AID) 614. Operations of the sampler 612 and AID 614 may be 

performed by a number of circuits known to those skilled in the art, and need not 

be discussed in greater detail herein. Those skilled in the art will appreciate that 

the motion signals 606 can be processed in a number of ways. For example, anti-

10 alias filtering, post-sampling filtering and similar signal processing may be applied. 

It will also be understood that, in gen~ral, the receiving means 610 illustrated in 

FIG. 6 may be implemented using special purpose hardwa·re, firmware or software 

running on special or general-purpose data processing devices or combinations 

thereof. For example, the sampling and analog to digital conversion functions may 

15 be integrated with the transducers 105A, 1058. 

The computer 50 may comprise, for example, a pipelined DSP especially 

suited for linear algebraic computations, such as a DSP of the TMS320C4X family 

of DSPs sold by Texas Instruments, Inc. Configured with appropriate program 

code, e.g., software and/or firmware and data stored, for example, in a storage 

20 medium 60 such as a random access memory (RAM), electrically erasable 

programmable read-only memory (EEPROM), magnetic disk or the· like, . the 

computer 50 provides means 620 for computing an estimate of the residual real 

normal modal component 35 from the digital values 6.15, as well as means 630 for 

computing a residual-flexibility-compensated estimate 45 of mass flow from the 

25 digital values 615. It will be appreciated that other ·computing devices, such as 

microcontrollers, · microprocessors, field-programmable gate arrays (FPGAs) and 

the like may be similarly used. 

FIG. 7 illustrates operations 700 for estimating a process parameter from 

motion signals representing motion of a conduit containing a material. A real 

30 normal modal residual flexibility component associated with a real normal mode of 

motion of the conduit is estimated (Block 710). A plurality of motion signals is 

received representing motion of the sensor conduit as a material flows 

therethrough (Block 720). A residual-flexibility-compensated estimate of mass flow 
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is then generated from the received plurality of motion signals and the estimated 

real normal modal residual flexibility component (Block 730). 

The real normal modal residual flexibility component estimate and the 

residual-flexibility-compensated mass flow estimate can be generated in a number 

5 of ways. According to one aspect of the present invention, the real normal modal 

· residual flexibility component is estimated from motion signals representing conduit 

motion under a substantially zero mass flow condition. According to a related 

"dynamic zeroing" aspect, a first real normal modal residual flexibility component 

associated with a flow-correlated real normal mode is estimated from motion 

10 signals representing conduit motion under a substantially zero mass flow.condition, 

a second real normal modal residual flexibility component is estimated from motion 

signals representing conduit motion under a non-zero mass flow condition, and a 

residual-flexibility-compensated estimate of mass flow is generated from the first 

and second estimated real normal modal residual flexibility components. The 

15 second real normal modal residual flexibility component can be updated by 

measurements under non-zero flow conditions, allowing accurate residual­

flexibility-compensated estimates to be generated without requiring the stopping of. 

mass flow for recalibration of the sensor. 

According to another aspect of the present invention, a real normal modal 

20 residual flexibility component can be estimated without requiring measurements 

under a no-flow condition. . A frequency response function or "delta function" for a 

mode other than the drive mode, e.g., a function describing the frequency 

response of a flow-correlated twist mode, is identified using, for example, pole 

estimation techniques. Measurements are made of the actual frequency response 

25 for this mode .at frequencies other than the excitation frequency, preferably ·at 

frequencies near the resonant frequency of the mode. The measured values are 

then fitted to the identified frequency response function to estimate scaling of the 

mode. The ·estimated mode scaling is then used to generate an estimate of the 

residual flexibility contribution of this mode at the excitation frequency. Because 

30 the mode scaling can be determined from conduit motion information under non­

zero flow conditions, stoppage of flow is not required for sensor calibration. 

The discussion herein describes various techniques for generating 

estimates of a real normal modal residual flexibility component and generating a 

residual-flexibility-compensated estimate of mass flow therefrom. This discussion 
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is conducted with reference to the flowchart illustrations and schematic diagrams 

of FIGs. 5-16. It will be understood that, in general, blocks or combinations of 

blocks in the flowchart illustrations and schematic diagrams of FIGs. 5-16 can be 

implemented using computer readable program code, e.g., program instructions 

5 and/or data operated on in a computer ·or data processor such as the computer 50 

illustrated in FIG. 6. As used herein, computer readable program code may 

include but is not limited to such things as operating system, commands (e.g., 

object code), high level language instructions, and the like, as well as data which 

may be read, accessed or otherwise utilized in conjunction with such program 

1 O · · instructions. 

The program code may be loaded onto a computer or similar data 

processing apparatus including, but not limited to, a microprocessor, a 

microcontroller, a digital signal processor (DSP) or the like. The combination of 

· the program code and computer may provide an apparatus that is operative to 

15 · implement a function or functions specified in a block or blocks of the flowchart 

20:. 

illustrations or schematic diagrams .. Similarly, the program code may be loaded 

onto a computer or data processing device such that the program code and. 

computer provide means for performing the function or functions specified in a 

·block or blocks; 
·, ' 

·' •, The program code may also· be stored in a computer"'.'readable storage 

medium such as a magnetic disk or tape, a bubble memory, a programmable . 

memory device such as an electrically"'.'erasable programmable read-only memory 

{EEPROM), or the like. The stored program code may direct a computer 

accessing the storage medium to function such that the program code stored in the 

. · 25 storage medium forms an article of manufacture including program code means for 

implementing the function or functions specified in a flowchart or schematic 

diagram block or blocks. The program code may also be loaded onto a computer 

. to cause a series of operational steps to be performed, thereby implementing a 

process such that the program code, in conjunction with the computer, provides 

30 steps for implementing the functions specified in a flowchart or schematic diagram 

block or blocks. Accordingly, blocks of the flowchart illustrations and schematic 

diagrams· s~pport apparatus operative to perform the specified functions, 

combinations of means for performing. the specified functions, combinations of 

steps that perform the specified functions and computer readable program code 
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means, embodied in a computer-readable storage medium, for performing the 

specified functions. 

It will also be understood that, in general, each block of the flowchart 

illustrations and schematic diagrams, and combinations of blocks in the flowchart 

5 illustrations and schematic diagrams, can be implemented by special purpose 

hardware, software or firmware executing on a general purpose computer, or 

combinations thereat For example, functions of the blocks of the flowchart 

illustrations and schematic diagrams may be implemented by an application 

specific integrat~d circuit (ASIC), programmable gate array or similar special 

1 o purpose device, or by program instructions and data loaded on and executed by a 

microprocessor, microcontroller, DSP or other general-purpose computing device. 

Those skilled in the art will also appreciate that although reference is. made to 

digital implementation using a microprocessor, microcontroller DSP or other 

computing device, functions of the flowchart illustrations and schematic diagrams 

15 may also be implemented using analog computing or processing elements, such 

as analog filters, analog arithmetic compone!'!ts and the like. 

20 

A. Estimating a Real Normal Modal Residual flexibility component Using 
Drive Mode Filtering 

According to a first aspect of the present invention, residual conduit motion . 

under a substantially zero mass flow condition associated with modes .other than 

the drive mode at a frequency of interest, e.g., the excitation frequency of the 

sensor, is determined by filtering out that portion of the conduit motion attributable 

25 to the "drive" or "excitation" mode. The real normal modal residual flexibility 

30 

component is then used to generate a residual-flexibility-compensated estimate of 

mass flow at unknown mass flow rates. The drive mode filtering may be 

accomplished in a modal coordinate domain or by mode pass filtering in a physical 

coordinate domain. 

According to a first technique, a residual-flexibility-compensated mass flow 

estimate is generated using modal domain computations. Residual real normal 

modal motion under a substantially zero mass flow condition in at least one mode 

other than. the drive mode is estimated. Motion signals representing motion of the 

sensor conduit under a subsequent unknown mass flow condition are then 

35 processed to estimate real normal modal motion of the conduit under the unknown 
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mass flow condition. ·The residual real normal modal motion at the substantially 

zero mass flow condition is then subtracted from the estimated. real normal modal 

motion at the unknown mass flow condition to generate a residual-flexibility­

compensated estimate of real normal modal conduit motion at the unknown mass 

5 flow condition. The residual-flexibility-compensated ·estimate of conduit motion 

may then be used to generate a residual-flexibility-compensated. estimate of mass 

flow using modal domain mass flow estimation techniques. 

Referring to FIG. 8, real normal motion {T1}noJ111w under a substantially zero 

mass flow condition may be estimated from a physical coordinate domain 

1 O representation {x}naflow of the conduit motion under the substantially zero mass flow 

condition by using a modal filter l<I>r1: • 

{ri} noflow = £<1>r1 {x} noflow 1 (12) 

15 wh~re {T\}noflow represents the modal response uriderthe substantially zero mass 

fl~.w condition, and {xh10J101v represents a physical quantity such as displacement. 

velocity or the like under the S!Jbstantially zero mass flow condition represe~ted, 

for example, by a motion. signal received from a 'motion transducer operatively 

associated with the sensor conduit structure. 
' ' 

20 A real normal modal residual flexibility component {1lre.Y1d11a1h,0J101v of the zero-

flow modal response {11}noflow at the excitation frequency associated with modes 

. other the t~e drive mode can be used to generate . a residual-flexibility­

compensated estimate of mass flow under an unknown mass flow condition by 

estimating the real normal modal m~tion {T\}Jlo•v under the unknown mass flow 

25 condition from a physical domain representation {x}11ow of conduit motion under the 

unknown mass flow condition, and subtracting the real normal modal residual 

flexibility component {'1'lre.sidt1a1}110.flo1" to generate a residual-flexibility-compensated 

estimate {Tt}J1111v, con1pe11611ted of conduit .motion under the unknown mass flow condition: 

30 {13) 

The residual-flexibility-compensated estimate {'1'l}J101,,,co,,,,;1msated of real normal modal 

motion under the nonzero mass flow condition· may then be used to generate a 
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residual-flexibility-compensated estimate of mass' flow 45 using, for example, a 

mass flow estimator 810 that is operative to estimate mass flow directly from real 

normal modal motion in modal domain coordinates as described in the 

aforementioned patent application "Vibrating Conduit Parameter Sensors, Methods 

5 and Computer Program Products Utilizing Real Normal Modal Decomposition." 

FIG. 9 illustrates exemplary operations 900 for generating a residual­

flexibility-compensated mass flow estimate using modal domain computations. A 

plurality of motion signals representing conduit motion under a substantially zero 

mass flow condition is received (Block 910). Residual real normal modal motion 

10 under the substantially zero mass flow condition is estimated from the received 

motion signals (Block 920). Motion signals representing conduit motion under an 

. unknown mass flow condition are then received (Block 930). Real normal modal 

motion under the unknown mass flow condition is estimated from the received 

motion signals (Block 940). A residual-flexibility-compensated estimate of mass 

15 flow is then generated from the estimated residual real normal modal motion and 

the estimated real normal modal motion under the unknown mass flow condition 

(Block 950). 

According to an alternative technique, a residual-flexibility-compensated 

mass flow estimate is generated using mode pass filtering techniques in a physical· 

20 coordinate domain. Motion {x} of a sensor conduit may be viewed as the.sum of 

physical motion {x,,;..,,} attributable to the drive mode and residual physical .motion 

{Xresid11a1} attributable to other modes: 

{x} = {X11r1w} + {xra1dun1}. (14) 

25 

Rearranging Equation (14), 

{xraldual} = {x}-{Xtlr/w} · (15) 

30 ·A general form of a mode pass filter matrix ['P), using an inverse approach, 

is: 

[\Ji]= [<l>][A][cI>r1
, (16) 
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where [A] is a diagonal matrix designed to. pass. selected modes as described 

above, [«I>] is a mode shape matrix with the columns corresponding to the m~de 

shapes and the rows to the physical response locations, and [<I>]"1 is the 

5 generalized inverse of the modal matrix. 

10 

15 

The portion of the physical conduit motion attributable to the drive mode 

· may be described as: 

{xd,.;,.} = ['¥],,,nr. {x}, (17) 

. ( . 

where ['¥drive ] is a mode pass filter configured to pass only the drive or excitation 

mode. Substituting Equations (16) and (17) into Equation (15), and factoring 

yields: 

{xlVidual} = ([/]-['¥],lri.,.,){x} · (1~) 

Referring to FIG. 10, a residual-flexibility-compensated estimate 
.· 

. {x}p0,,,compens111et1 of physical motion under an. unknown flow condition may be 

. estimated from a physical response {x}po111 under the unknown flow condition and a 

20 physical response {x},,oflo,, under a substantially zero mass flow condition by: 

{x}flow,eonrpen.rated = {x}flo"' -([J]-['¥,,,.iire]){x}rrojlo1&•" (19) 

Thus, the residual flexibility compensation process involves calculating a residual 

25 flexibility vector at substantially zero flow and subtracting this vector from the 

physical response {x}pow at an unknown flow. The residual-flexibility-compensated 

response {x}p011.,con1pensared. i.e., the response with the residual flexibility phase 

differences removed, can then be used to generate an estimate 45 of mass flow 

using, for example, a conventional mass estimator 101 O using phase 

30 measurement techniques as described in the aforementioned patent application 

"Vibrating Conduit Parameter Sensors, Methods and Computer Program Products 

Utilizing Real Normal Modal Decomposition." 
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FIG. 11 illustn;ites exemplary operations for 1100 generating a residual-

flexibility-compensated mass flow estimate according to this modal-filtering based 

technique. Motion signals representing conduit motion under a substantially zero 

mass flow condition are received (Block 1110). The received signals are mode 

5 pass filtered as described above to estimate residual physical motion under the 

substantially zero mass flow condition (Block 1120). Motion signals representing 

conduit motion under an unknown mass flow condition are then received (Block 

1130). Physical motion under the unknown mass flow condition is determined 

(Block 1140) and a residual-flexibility-compensated mass flow estimate is 

1 O generated from the estimated physical motion under the unknown mass flow 

condition and the estimated residual physical motion (Block 1150). 

B. Dynamic Zeroing 

According to another aspect of the present invention, two real normal modal 

residual flexibility components are estimated and used to generate a residual-

15 flexibility-compensated mass flow estimate. A first real normal modal residual 

flexibility component is estimated from motion signals representing motion under a 

substantially zero mass flow condition, as described above. A second, ."dynamic" 

real normal modal residual flexibility component is estimated under non.,.zero mass 

flow conditions, and thus can be periodically re-estimated as the sensor is used to 

20 update the sensor's zero offset calibration without requiring stoppage of flow. The 

first and second real normal modal residual flexibility components are used to 

generate a residual-flexibility-compensated estimate of mass flow. 

This aspect of the present invention arises from the realization that real 

normal modes of a sensor conduit may be categorized as either "more flow-

25 correlated" or "less flow-correlated." More flow-correlated modes are modes that 

have a response that is sensitive to flow through the sensor conduit, while less 

flow-correlated modes are, as might be expected, significantly less sensitive to 

flow rate. Less flow-correlated modes might include, for example, the lateral mode 

of the experimentally analyzed sensor described above. 

30 More flow-correlated modes contribute to residual flexibility at substantially 

zero flow. In many cases, it is reasonable to assume that the residual flexibility 

associated with more flow-correlated modes is relatively time-invariant, meaning 

that zero drift probably is not caused by changes in the flow modes. Less flow-
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correlated modes. however, m~y b~ relf:)tively insensitive to. flow rate, but -sensitive 

to changes in boundary conditions. Changes in boundary conditions Gan result in 

short or long term zero offset drift as these modes change. For example, changes 

in the boundary conditions may. shift the lateral· mode ·frequency for the above-

5 · described exemplary sensor, r~sulting in a change in . this mode's contribution to 

the residual flexibility or zero offs~t. 

By way of illustration, using experimental data for the three inch sensor 

described above, the modal (or "mqde shape") m~trix [Cl>) for the sensor may be 

reduced to 3 columns, corresponding to a drive (out-of .. phase bend) mode at 125 

1 O Hz,· an in-phase lateral mode at 1 ~2 Hz, and an out"'.of-phase twist mode: · 

0.445 0.002 -0.904 

1.131 0.006 -0:029 

[Cl>]= 0.445 -0.011 0.904 

0.143 0.064 0.272 

().009 0.131 0.015 

The rows of the modal matrix (<!>) corres.pond to the right, drive, and left transducer 

15 locations and the later skewed and lateral accelerometers as described above. 

20 

25 

· ' · ·The modal matrix [<I>), mode scale factors Or and poles A.r for N real normal 

modes rmay be used to determined the frequency response function matrix (HJ: 

(20) 

The response vector {x} may be calculated from the frequency response function 

(H} and the drive force {F}, recalling that: 

{x} = [H]{F}. (21) 

The modal responses for the three modes can be extracted with the modal filter 

constructed from the mode shape. matdx [cl>J using, for example, an inverse 

method. FIGs. 12A-B show magnitude and phase, respectively, for a physical 
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response x and modal responses 1111e,,,, 1lnwstt 1l1a1e~1 as a function of frequency for 

the exemplary syste.m. 

The time dei~~f caused by the residual flexibility of a physical response can 

be calculated by calculating the phase angle between motion signals produced by 

5 the right and left transducers and dividing by the excitation frequency rod to 

determine a time difference ll.t. For the data given in FIGs. 12A-B: 

10 

15 

6.t = L(x,) - L(x~) = 146 
co,, 

nsec. 

Two different mode pass filters can be defined, including a first mode pass 

filter that passes the bend and lateral modes to produce a physical response 

vector {x}b1. and a second mode pass filter that passes the bend and twist mode to 

produce a physical response vector {x}b,: 

where {xh1 (ro,t)}, {xbt (cod)}, and {ri(cod)} are the combined bend and lateral mode 

20 physical response vector, the combined bend and twist mode physical response 

vector, and the modal response vector, respectively, all evaluated at the excitation 

frequency rod. 

Calculating the zero offset contribution of each of the mode pass filtered 

components {xh1 (rod)}, {xb1 (rod)} at zero flow for the experimentally-analyzed 

25 sensor: 

L(x )-L(x ) 
At,1 = M, M, = 11 nsec , and 

(J) ,, 
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L(x )-L(x ·) 
&t,,, = bi, bi3 = 135 nsec, 

(J)d 

i.e .• the lateral mode response is associated with 11 nanoseconds of zero offset 
. . 

and the twist mode response is associated with· 135 :nanoseconds of zero offset. 

5 The flow-correlated twi~t mode response is generally confounded with flow, 

so it may be difficult to determine the zero offset due to this mode under flowing 

conditions. However, the flow-correlated twist mode: is generally decoupled from 

the boundary conditions and can be considered time-invariant. The less flow­

correlated lateral mode component can be assumed to be insensitive to flow rate, 

1 O · but can vary considerably with boundary conditions. 

15 

.. -: 

For example, if the resonant frequency of the lateral mode decreases by 4 

Hz due to changes in boundary conditions, the individual modal contributions to 

zero offset become: 

L(x )-L(x ) 
Mb, = bt, 61

' = 23 nsec, and · 
co., 

L(x )-L{x ) · M,,, = br, . . b13 = 135 nsec . 
C011 

The total zero offset using the contribution from this new lateral mode frequency is 

20 thus 158 nanoseconds, a change attributable to the change in the resonant 

frequency of the lateral mode. The zero offset &tbi associated with the twist mode 

response is unchanged at 135 nanoseconds, since the lateral mode frequency 

shift does not affect the twist mode. 

From these observations it becomes apparent that changes in a less flow-

25 correlated mode can be tracked to monitor changes in the boundary conditions . 

. The changes in the less flow.;correlated mode can be monitored under non-zero 

flow conditions, thus allowing compensation for residual flexibility to be dynamically 

updated without requiring a stoppage of flow. 

FIG. 13 illustrates exemplary operations 1300 for generating residual-

30 flexibility-compensated estimates of mass flow according to a dynamic zeroing 

technique. A first real normal modal residual flexibility component associated with 
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a more flow-correlated real normal mode, e.g., the twist mode of the sensor 

described above, is·;~~timated for a substantially zero mass flow condition (Block 
.... , :·. 

1310). A second real norinal modal residual flexibility component associated with 

a less flow-correlated mode, e.g., the lateral mode of the sensor described above, 

5 is then estimated under a non-zero mass flow condition (Block 1320). Motion 

signals representing conduit motion are then received (Block 1330), and a 

residual-flexibility-compensated estimate of mass flow is estimated therefrom using 

the first and second real normal modal residual flexibility components (Block 

1340). Subsequently, the second real normal modal residual flexibility component 

10 is updated (Block 1320), additional motion signals are received (Block 1330) and a 

new residual-flexibility-compensated estimate of mass flow is generated from the 

received motion signals using the updated second real normal modal residual 

flexibility component (Block 1340). It will be understood that the estimation 

processes indicated in FIG. 13 may be performed in either the modal or physical 

15 domain, .using the techniques and apparatus described above in reference to FIGs. 

5-11. 

The modal response of a particular real normal mode. e.g., the lateral mode 

described above, can also be calculated from an estimate of the pole for the· 

desired mode using a predetermined frequency response function for the mode. 

20 instead of by measurement of actual conduit motion. For example, instead of 

measuring the modal response for the lateral mode, an estimate of the modal 

response of the lateral mode could be computed using Equations (20) and (21) for 

a known force {F} by setting r-2. 

25 c. Estimating Real Normal Residual Motion By Estimating Mode Shape 
s~u~ · 

According to another aspect of the presenting invention. residual flexibility 

associated with a real normal mode at a given . frequency, for example, an 

30 excitation frequency at which phase or time difference measurements are 

performed, is estimated from measured motion in the real normal mode at 

frequencies other than the given frequency. For example, real normal modal 

motion may be measured at .frequencies near the excitation frequency, and the 

measured motion used to interpolate the residual flexibility at the excitation 

35 frequency. According to the present invention, various linear, polynomial or other 
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interpolation techniques may be used to generate an estimate of real · normal 

modal motion at the excitation frequency from measured real normal modal motion 

at frequencies other than the excitation frequency. 

According to one aspect of the present inventic;m, a least squares technique 

5 is used to flt measured data representing motion io a real normal mode to an 

assumed frequency response or "delta" function using measurements at 

frequencies at which the response is more easily me~sured. A frequency response 

or "delta" function .6., for a single degree of freedom for a mode r of interest 

generally takes the form: 

10 

A cco>=.!!L=x: ( - i + (-ir J. c22) 
r N r • 'I • 'I• ' 

. r JCO - "'r JCO - "'~ 

where A., is the eigenvalue of the mode r, ,,, represents motion in the mode r, N, is 

the modal excitation in the mode r, k, is a sealar that scales the modal response 

15. . a,,. and * indicates a complex conju9ate. An eigenvalue A., can be ass';lmed or 

estimated from measurements~ For example, an eigenvalue A., may be estimated 

using a number of well known pole estimation techniques, such as those described . 

in "Modal Testing: Theory and Practice," by D.J. Ewing, published by John Wiley 

and Sons, Inc. (1984). 

20 An eigenvalue A., is a complex number having a real part representing the 

25 

damping of the mode r and the. im.aginary part representing the damped natural 

frequency IDmr of the mode r. A mode's damping may be difficult to measure, but 

for a typical Coriolis mass flowmeter, damping can be assumed to be low. 

Assuming negligible damping: 

A (ID) = ..!k_ = 1C ( - j . + (- jr ) . 
' N, ' jro - jro,,,, jro + jco.,, . 

(23) 

As described above, the response of flow-correlated modes such as the 

twist mode of the exemplary sensor of FIG. 1 generally is confounded with flow, 

30 which can make it difficult to measure residual flexibility associated with such a 

mode near the excitation frequency under a non-zero flow condition. However, 
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letting {A1-} represent a vector of delta functions corresponding to highly flow-

correlated real norrn~t modes, a least squares tectmique can be used to calculate 

a "scaling matrix" I~f'~hat relates measured motion. in the flow-correlated modes at 

frequencies removed from the excitation frequency to the vector {A,} of delta 

5 functions. The scaling matrix [K] can then be used to generate an accurate 

estimate of residual flexibility at the excitation frequency that is attributable to the 

flow-correlated modes by applying the scaling tr.ansformation [K] to the vector {A,} 

of delta functions. 

In particular, the conduit structure is excited at one or more selected 

1 O frequencies ms under a non-zero flow condition. Although the selected frequencies 

ros can be arbitrarily chosen, the further away from the excitation (drive) frequency 

© 1, generally the less the modal response of the flow-correlated modes is distorted 

by mass flow through the conduit. Preferably, the selected frequencies ros used to 

estimate a mode rare chosen near the resonant frequency ro,,,, of the mode r. 

15 A physical force {F}, known, for example, by either direct measurement or 

20 

25 

30 

by inference from a parameter such as drive current, is applied at a selected 

frequency ro.r. The physical force {F} may be transformed to a modal excitation {N} 

by: 

{N} = [<1>] 7 {F}. {24) 

A physical response {x} to the force {F} can be transformed into a modal response 

{TJ} by: 

tril = £<1>r1 {x}. (25} 

For a matrix of modal responses .[ttr:s>J for modes r obtained at a 
,. flow 

plurality of selected frequencies [ro.), it is assumed that: 
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(26) 

where (A(A., ,m8)] represents a matrix generated by evaluating the vector {A,} of 

delta functions for the modes r at the plurality of selected frequencies m1• Solving 

5 Equation (26) for the scaling matrix: 

10 

15 

where t indicates a pseudo-inverse. 

. Accordingly, the modal response [T},(m)] at a frequency Q) under zero 
Nr(ro) '"'JI•,. 

flow, i.e., the motion associated with the flow-correlated modes at the frequency m, 

can be estimated (in modal domain coordinates) by: 

[ 11,(m) ]=[K]{A,(A.,.,m)} =[~~ms~] [A,() .. ,,m 6 )r {A,(A.,,m)}. (28) 
N,(ro) ,. m. JI.,• 

Normally, It is desired to estimate residual flexibility associated with the flow­

correlated modes at an excitation frequency rod. which can be achieved by 

estimated by setting· m=md in Equation (28). 

As described above, residual flexibility for a flow-correlated mode, i.e., the 

20 twist mode, is determined. However, it will be appreciated that the above­

described techniques are also applicable to less flow-correlated modes. For 

example, residual flexibility associated with a negligibly flow-correlated lateral 

mode such as that described for the exemplary sensor of FIG. 1 could similarly be 

estimated from a delta function describing the frequency response of the lateral 

25 mode. 

An estimate of residual-flexibility-compensated real normal modal motion at 

a given frequency, i.e., real normal modal motion compensated for residual 

flexibility associated with undesirable modes, can be produced by measuring real 

normal modal motion {l\}J101v at the given frequency and subtracting the residual 
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{11,.}noflo•• associated with the ·undesired modes. 

Assuming a constEJ_nt modal excitation {N}, the residual-flexibility-compensated 
.. ' . .'. f ·';. ~· 

real normal modal ri;bii'on {T1}J101.,,co,,,1;1msa1e11 is giveri"'by: 

{rt} jlow,_,.penstrll1d = {ii} jlo1r - {ii r} nojlow • (29} 

The compensated real normal modal motion may then be used to generate a 

residual-flexibility-compensated es~imate of mass flow at the unknown flow rate, in 

a manner similar to that described above. 

10 In some applications, however, it may be more convenient to determine 

15 

20 

25 

residual flexibility in physical coordinates. Transforming from the modal coordinate 

domain to -the physical coordinate domain, a residual-flexibility-compensated 

estimate of conduit motion in the physical domain is given by: 

{ x(co } } j1ow.co111pn1s11red = [Cl>] frl ( ro ) } j101 ... con1p11sared • (30) 

To compensate for a residual flexibility associated with a flow-correlated mode, for 

example: 

{x(co)} Jlo,;_..,_.,.., = [<l>][A.1r1,..JC<l>r' {x(co )} ,110 .. + [<l>)[ApowmoJalC~r' {x(c.o )} Jlo" - (
31

) · 

(<l>][A,11 ........ ...k ][<I>r' [x(ro .JJ[A,(A.,,co. ff {A, (.A.,,co }} • 

where [Adnve] and [Apo111111ot1e] are diagonal matrices designed to pass drive and flow­

correlated modes, respectively. Restating Equation (31) in terms of mode pass 

filters rP drllle ) and ['¥ flo111111ot1e] for the drive and flow-correlated modes, respectively: 

{x(co )} flow.con1penso1ed = ['Pdriw] {x(Ci> )} flo•• + ['PJ/011·mU1/1..J {x(co )} fhnv -

['¥ Jlo•,.•iode ][x(ro s)J[.0., (A., ,ro s )r {.0., (A., ,CO)}· 
(32) 

FIG. 14 illustrates exemplary operations 1400 for generating a residual­

flexibility-compensated estimate of mass flow. A function is identified that 

30 describes motion of the sensor conduit in a real normal mode as a function of 

frequency (Block 1410). A value representing motion of the conduit at a selected 
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frequency. e.g., a frequency near tile resonant frequency of the real normal mode, 

is determined (Block 1420). For example, motion signals representing motion of 

the sensor conduit under a non-zero flow condition could be received and motion 

in the real normal mode could be determined therefrom at a plurality of selected 

5 frequencies near the resonant frequency of the rea! normal mode. A real normal 

modal residual flexibility component associated with the real normal mode is then 

estimated (Block 1430) using, for example, the least squares techniques described 

above. A plurality of motion signals representing conduit motion at an unknown 

mass flow rate is then received (Block 1440). and a residual-flexibility-

1 O compensated estimate of mass flow is generated from the received motion signals 

and the estimated real normal modal residual flexibility component (Block 1450). 

FIG. 15 illustrates operations 1500 for estimating residual real normal modal 

motion for use in generating a residual-flexibility-compensated estimate of mass 

. flow in a modal coordinate domain. A delta function describing ~otion in a real 

15 normal mode is identified (Block 15·10). Motion signals representing conduit 

motion are received (Block 1520). The received niotion signals are processed to 

generate a first plurality of values representing the conduit motion at a plurality .of. 

selected frequencies (Block 1530). For example. the first plurality of values may 

describe motion in a flow-correlated mode at a plurality of selected frequencies 

20 near the resonant frequency of the mode.. The identified delta function is 

evaluated at the plurality of selected frequencies to generate a second plurality of . 

values (Block 1540). A mode scaling transformation is then determined from the 

first and second pluralities of values, e.g .• using Equation (27) (Block 1550). 

Residual real normal modal motion at a frequency of interest, e.g., the excitation 

25 frequency, may then be determined from the scaling transformation and the delta 

function (Block 1560), and used to generate a residual-flexibility-compensated 

estimate of mass flow (Block 1570) using, for example. the techniques described 

with respect to FIG. 9. 

FIG. 16 illustrates exemplary operations 1600 for generating a residual-

30 flexibility-compensated estimate of mass flow in a physical coordinate domain. A 

delta function describing motion in a real normal mode, e.g., a flow-correlated or 

other mode, is identified (Block 1610). Motion signals representing conduit motion 

are received, e.g., motion signals representing conduit motion under a non-zero 

mass flow condition (Block 1620). The received motion signals are processed to 
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generate a first plurality of values representing the conduit motion at a plurality of 

selected frequencie~.(Block 1630). The identified delta function is evaluated at the 

plurality of selectJd"fequ~ncies to generate a· s~~ond plurality of values (Block 

1640). · The delta function is evaluated at the frequency of interest, e.g., the 

5 excitation frequency {Block 1650), and a mode pass filter is applied to a product of 

the first plurality of values, the second plurality of values and the value of the delta 

function at the frequency of interest to generate an estimate of residual physical 

motion at the frequency of interest (Block 1660), along the lines of Equation (32) 

The estimated residual physical motion can then be used to generate a residual-

10 flexibility-compensated estimate of mass flow (Block 1670) using, for example, the 

techniques described with respect to FIG. 11. 

Ill. Conclusion 

According to the present invention, "residual flexibility," i.e., residual motion 

15 attributable to off-resonance contributions of real normal modes, is determined by 

decomposing motion of a vibrating conduit of a mass flow sensor into real normal 

· modal components. A real normal modal residual fle?Cibility component associated 

with at least one real normal mode of the conduit motion is estimated and used to 

generate a residual-flexibility-compensated estimate of mass flow. 

20 The real normal modal residual flexibility component may be estimated from 

signals representing motion of the conduit at a substantially zero mass flow 

condition. Estimation may be performed in a niodal coordinate domain, or by 

utilizing mode pass filtering in a physical coordinate domain. The real normal 

modal residual flexibility component may comprise a first component estimated 

25 from motion signals representing sensor conduit motion under a substantially zero 

mass flow condition and a second, "dynamic" component that can be generated 

from motion signals representing conduit motion under non-zero mass flow 

conditions. The second component may be dynamically updated under non-zero 

flow conditions. 

30 According to another aspect of the present invention, a function that 

describes motion of the vibrating conduit in a real normal mode as function of 

frequency, e.g., a frequency response or "delta" function, is identified. The 

function is used to estimate ·a residual real normal modal component associated 

with the real normal mode by fitting measurements of actual conduit motion to the 

33 



WO 00/08423 PCT/US99/15907 
function, e.g., by measuring plurality of values of motion of the sensor conduit in a 

real normal mode at a plurality of selected frequencies and using a least squares 

technique to determine a mode scaling for the real normal mode. The mode 

scaling can be used generate an estimate of a real normal modal residual flexibility 

5 component. 

. The real normal modal decomposition utilized according to the present 

invention can provide more accurate estimates of residual flexibility. The more 

accurate estimate of ~sidual flexibility can lead, for example, to improved 

compensation for zero offset in phase or time difference-type mass flow 

10 measurements. In addition, according to aspects of the present invention, 

estimates of residual flexibility can be made without requiring zero mass flow in the 

sensor conduit. 

The drawings and specification of the present application disclose 

embodiments of the invention. Although specific terms .are employed, they are 

15 used in a generic and descriptive sensE! only alid not for purposes of limitation. It 

is expected that persons skilled in the art can and will make, use or sell alternative 

··embodiments that are Within the scope of the following claims either. literally or 

under the Doctrine of Equivalents. 
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THAT WHICH IS CLAIMED IS: 

1. A method for estimating a process parameter of a material 

flowing through a vibrating conduit in a process parameter measuring 

apparatus, said method comprising the steps of: 

5 (71 O) estimating a real normal modal residual flexibility 

component associated with a real normal mode motion of said conduit; 

(720) receiving a plurality of motion signals representing motion 

of said conduit at different points along said conduit; and 

(730) generating a residual flexibility compensated estimate of 

10 said process parameter from said plurality of motion signals and said real 

normal modal residual flexibility component. 

2. A method of Claim 1 wherein said real normal modal residual 

flexibility component includes a real normal modal motion under a 

substantially zero flow condition and a real normal modal condition under an 

5 unknown mass flow condition, said step (710) of estimating said real normal 

modal residual flexibility component comprising the steps of: 

(910) receiving a first plurality of motion signals representing 

motion of said conduit under substantially zero mass flow condition: 

(920) estimating said residual real normal modal motion under 

10 said substantially zero flow condition from said first plurality of motion signals; 

(930) receiving a second plurality of motion signals representing 

motion of said conduit under an unknown mass flow condition: and 

(940) estimating said residual real normal modal motion under 

said unknown mass flow condition from said second plurality of motion 

15 signals. 

3. A method of claim 2 wherein said step (730) of estimating said 

process parameter includes the step of: 

(950) generating said residual flexibility compensated estimate 

5 of said process parameter from said residual real normal modal motion under 
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said substantially zeto flow condition and said residual real normal modal 

motion under said unknown mass flow condition. 

4. A method of Claim 1 wherein said step (710) of estimating said 

real normal modal residual flexibility component comprises the step of: 

(1110) receiving a first plurality of motion signals representing 

5 motion of said conduit at a substantially zero mass flow condition; 

(1120) mode pass filter said first plurality of motion signals to 

estimate residual physical motion under said substantially zero mass flow 

condition; 

(1130) receiving a second plurality of motion signals 

1 O representing motion of said conduit at an unknown mass flow condition; and 

(1140) estimating physical motion at said unknown mass flow 

condition. 

5. A method of claim 4 wherein said step of (730) of estimating 

sa,id process parameter comprises the step of: 

generating said residual compensated estimate of said process 

5 parameter from said plurality of motions signals said physical motion and said 

residual physical motion. 

6. The method of claim 1wherein said step (710) of estimating said 

real normal modal residual flexibility component comprises the steps of: 

(1310) estimating a first real normal modal residual flexibility 

5 component associated with flow-correlated real normal mode under a 

substantially zero flow mass condition; and 

(1320) estimating a second real normal modal residual flexibility 

component associated with flow-correlated mode at an unknown mass flow 

condition. 

7. The method of claim 6 wherein said step (730) of estimating 

said process parameter comprises the step of: 

(1340) generating residual flexibility compensated estimate of 

5 said process parameter from said received plurality of motion signals, said 
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first real normal modal residual flexibility component and said second real 

normal modal residual flexibility component. 

8. The method of claim 1 wherein said step (710) of estimating 

said real normal modal residual flexibility component comprises the steps of: 

(1410) identifying a function describing conduit motion in a real 

5 normal mode as a function of frequency; 

(1420) determining a value representing motion of said conduit 

at a selected frequency; and 

(1430) estimating said real normal residual flexibility component 

by fitting said value to said function. 

9. The method of Claim 1 wherein said step (710) of estimating 

said real normal modal residual flexibility component comprises the steps of: 

(1510) identifying a function describing conduit motion in a real 

5 normal mode as a function of frequency . 

. 10. The method of claim 9 wherein said step (730) of estimating 

said process parameter comprises the step of: 

(1530) generating a first plurality of values representing real 

5 modal motion at a plurality of selected frequencies; 

(1540) evaluating said function at said plurality of selected 

frequencies near a mode resonant frequency to generate a second plurality of 

values; 

(1550) determining a mode scaling transformation from said first 

10 plurality of values and said second plurality of values; 

(1560) estimating residual real normal modal motion at a drive 

frequency from said mode scaling transformation and said function; and 

(1570) .generating said residual flexibility compensated process 

parameter from said estimated residual real normal modal motion at said drive 

15 frequency .. 

11. The method of claim 9 wherein said step (730) of estimating 

said process parameter comprises the step of: 
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(1630) generating a first matrix representing physical motion of 

5 said conduit at a plurality of selected frequencies; 

(1640) evaluating said function at said plurality of selected 

frequencies near a mode resonant frequency to generate a second matrix; 

(1650) evaluating said second matrix at said drive frequency; 

(1660) applying a mode pass filter to a product of said first 

1 O matrix said second matrix, and said evaluation of said function to generate an 

estimate of said residual physical motioh at said drive frequency; and 

(1670) generating said estimate of said process parameter from 

said estimate of said residual physical motion at said drive frequency. 

12. An apparatus (5) for producing an estimate of a process 

. parameter of a material flowing through a vibrating conduit (103A-1038) in 

said·apparatus, said apparatus including: 

5 a driver (104) that vibrates said conduit; 

. sensors (105A-1058) that m~asure· motion of said conduit at at 

least two different locations and generate signals representive of said motion; 

·a real normal modal residual flexibility component estimator (30) 

th.at receives signals from said sensors· ( 105A-1058) and estimates a real 

.1 O . normal modal residual component associated with a real normal mode of said 

conduit (103A-103B); 

a residual-flexibility-compensated mass flow estimator (40} that 
- . 

is responsive to an estimation of said real normal modal residual component 

and that generates a residual flexibility compensated process parameter from 

15 · said signals and said real normal modal component.. 

13. The apparatus of claim 12 wherein said real normal modal 

residual flexibility component estimator (30) comprises: 

means (910) for receiving a first plurality of motion signals 

5 representing motion of said conduit under substantially zero mass flow 

condition; and 

means (920) for estimating said residual real normal modal 

motion under said substantially zero flow condition from said first plurality of 

motion signals; 
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1 o means (930) for receiving a second plurality of motion signals 

representing motion~~( said conduit under an unknown mass flow condition: 

and 

means (940) for estimating said residual real normal modal 

motion under said unknown mass flow condition from said second plurality of 

15 motion signals. 

14. The apparatus of claim 13 wherein said residual-flexibility-

compensated mass flow estimator (40) comprises: 

means (950) for generating said residual flexibility compensated 

5 estimate of said process parameter from said residual real normal modal 

motion under said substantially zero flow condition and said residual real 

normal modal motion under said unknown mass flow condition. 

15. The apparatus of claim 12 wherein said real normal modal 

residual flexibility component estimator (30) comprises: 

means {1110) for receiving a first plurality of motion signals 

5 representing motion of said conduit at a substantially zero mass flow 

condition; 

means (1120)for mode pass filtering said first plurality of 

motion signals to estimate residual physical motion under said substantially 

zero mass flow condition; 

1 O means (1130) for receiving a second plurality of motion signals 

representing motion of said conduit at an unknown mass flow condition; and 

means {1140) for estimating physical motion at said unknown 

mass flow condition. 

16. The apparatus of claim 15 wherein said residual-flexibility-

compensated mass flow estimator (40) comprises: 

means for generating said residual compensated estimate of 

5 said process parameter from said plurality of motions signals said physical 

motion and said residual physical motion. 
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17. The apparatus of claim 12 wherein said r~al normal modal 

residual flexibility component estimator (30) 9omprises: 

means (1310) for estimating a first real normal modal residual 

5 flexibility component associated with flow-:correlated real normal mode under 

a substantially zero flow mass condition; and 

means (1320) for estimating a second real normal modal 

residual flexibility component associated with flow-correlated mode at an 

unknown mass flow condition. 

18. The apparatus of claim 17 wherein said.residual-flexibility-

compensated mass flow estimator (40) comprises: 

means (1340) for generating residual flexibility compensated 

5 estimate of said process parameter from t;aid received plurality of motion 

signals, said first real normal modal residual flexibility component and said 

second real normal modal residual flexibility component. 

19. The apparatus of claim 12 said real normal modal residual 

flexibility component estimator (30) comprises: 

means (1410) for identifying a function describing conduit 

5 motion in a real normal mode as a function of frequenGy; 

means (1420) for determining a value representing motion of 

said conduit at a selected frequency; and 

means (1430) for estimating said real normal residual flexibility 

component by fitting said value to said function. 

20. A apparatus of claim 19 wherein.said real normal modal residual 

flexibility component estimator (30} comprises: 

means (1510) for identifying a function describing conduit 

5 motion in a real normal mode as a function of frequency. 

21. The apparatus of claim 20 wherein said residual-flexibility-

compensated mass flow estimator (40) comprises: 

means (1530) for generating a first plurality of values 

5 representing real modal motion at a plurality of selected frequencies: 
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means (1540) for evaluating said function at said plurality of 

selected frequencie~ ..• n~ar a mode resonant frequency to generate a second 
;"\ :1$;-·;; . . :: .. . 

plurality of values; ' , ' 

means (1550) for determining a mode scaling transformation 

1 O from said first plurality of values and said second plurality of values; 

means (1560) for estimating residual real normal modal motion 

at a drive frequency from said mode scaling transformation and said function; 

and 

means (1570) for generating said residual flexibility 

15 compensated process parameter from said estimated residual real normal 

modal motion at said drive frequency. 

22. The apparatus of 20 wherein said residual-flexibility-

compensated mass flow estimator (40) comprises: 

means (1630) for generating a first matrix representing physical 

·· 5 motion of said conduit ata plurality of selected frequencies; 

means (1640) for evaluating said function at said plurality of 

selected frequencies near a mode resonant frequency to generate a second 

matrix; 

means (1650) for evaluating said second matrix at said drive 

10 frequency; 

15 

means (1660) for applying a mode pass filter to a product of said 

first matrix said second matrix, and said evaluation of said function to 

generate an estimate of said residual physical motion at said drive frequency; 

and 

means (1670) for generating said estimate of said process 

parameter from said estimate of said residual physical motion at said drive 

frequency. 
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